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Among molecular units that can be reversibly switched between two states by light, 
diarylethenes have the unique property that the π-electronic structure of their molecular 
backbone significantly alters during the isomerization process, resulting in a marked shift of 
HOMO and LUMO levels. The incorporation of diarylethene switches into more complex 
molecular systems would allow for the reversible light-controlled manipulation of specific 
functions, such as catalytic activity, association behavior, or charge transport, due to the 
modulation of inherent electronic properties. However, to fulfill this task the photochromic 
scaffold has to be improved in terms of its switching efficiency, fatigue resistance, and extent of 
electronic modulation. 
In this work, a series of diarylethenes is synthesized by systematically varying the 
constituents of the hexatriene core and the terminal substituents. By the in-depth 
characterization of the photochemical reaction to a by-product, an ubiquitous phenomenon of 
diarylethene photochromism, fatigue resistant structures are identified that allow for the reliable 
operation of the photochrome over many switching cycles and at the same time guarantee a high 
degree of structural and synthetic flexibility. Furthermore, a distinct substitution pattern is found 
to enable the orthogonal electro- and photochemically mediated isomerization of diarylethenes. 
By proper modulation of the structure, the fatigue observed during the oxidative cyclization 
reaction is minimized and insights into the underlying mechanism are gained. The impact of 
different substitution patterns on the -electronic structure of the diarylethene core is studied 
and it is shown that HOMO and LUMO levels can be tuned over a broad energy range. 
Finally, the electronically tuned diarylethenes are applied as active building blocks in 
light-controllable organic thin film transistors, which show a modulation of the output current 
upon isomerization of the photochrome. In a second approach to exploit the isomerization 
induced electronic modulations, a potentially catalytically active guanidine unit is coupled to the 





Unter Molekülen, die durch Licht reversibel zwischen zwei Zuständen geschaltet werden 
können, haben Diarylethene die einzigartige Eigenschaft, dass ihr -Elektronensystem durch 
den Isomerisierungsprozess stark verändert wird, was zu einer Verschiebung von HOMO und 
LUMO Niveaus führt. Die Verwendung von Diarylethenen in komplexeren Systemen würde die 
Steuerung von bestimmten Funktionen, wie katalytische Aktivität, supramolekulare Assoziation 
oder Ladungstransport, mit Hilfe von Licht durch die Änderung inhärenter elektronischer 
Eigenschaften ermöglichen. Allerdings muss die photochrome Baueinheit den spezifischen 
Anforderungen angepasst und ihre Schalteigenschaften, die Ermüdungsresistenz sowie das 
Ausmaß der elektronischen Modulation verbessert werden. 
In dieser Arbeit wird durch systematische Variation der zentralen Komponenten und der 
terminalen Substituenten eine Serie von elektronisch modulierten Diarylethenen synthetisiert. 
Durch umfangreiche Untersuchungen zur photochemischen Bildung eines Nebenprodukts, ein 
Prozess der bei nahezu allen Diarylethenen auftritt, können Strukturen identifiziert werden, die 
über eine große Zahl von Schaltzyklen ermüdungsresistent sind und gleichzeitig eine hohe 
strukturelle und synthetische Flexibilität bieten. Weiterhin erlauben bestimmte Substitutions-
muster die orthogonale elektro- und photochemische Steuerung des Isomerisierungsprozesses. 
Durch geeignete strukturelle Modulation wird die Nebenproduktbildung bei der oxidativen 
Zyklisierungsreaktion unterdrückt und es kann ein Einblick in den zugrunde liegenden 
Mechanismus erhalten werden. Der Einfluss verschiedener Substitutionsmuster auf das 
-Elektronensystem von Diarylethenen wird untersucht und es wird gezeigt, dass HOMO und 
LUMO Level über einen großen Energiebereich moduliert werden können. 
Schließlich werden die so erhaltenen, elektronisch modulierten Diarylethene als aktive 
Elemente in Licht gesteuerten organischen Dünnschichttransistoren eingesetzt. Diese zeigen 
eine Änderung im Strom-Ausgangssignal durch die lichtinduzierte Isomerisierung der 
photochromen Moleküle. In einem zweiten Ansatz die schaltbaren elektronischen Änderungen 
in Diarylethenen zu nutzen, wird ein potentiell katalytisch aktives Guanidin mit der 
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Since the beginning of modern organic chemistry the major task of a synthetic chemist is 
designing and making molecules, such as reagents, catalysts, drugs, or dyes, as well as 
materials, i.e. ensembles of molecules such as polymers, crystals, or (metal) organic 
frameworks, which fulfill specific functions. These functions are often based on macroscopic 
physical properties, such as morphology, color, or charge transport ability, as well as specific 
chemical properties, for example a certain reactivity or binding affinity. Nowadays there is an 
increasing demand for complexity and at the same time specificity of these functions, which 
cannot be met by ordinary molecules or materials only passively interacting with their 
surroundings. However, imparting responsiveness to external stimuli to a molecule or material 
enables them to dynamically adapt their properties upon changing surrounding conditions or to 
exert their function on-demand and in a highly controlled fashion. Stimuli used to control such 
"smart" systems may be temperature, pressure, the presence of chemical substances, such as 
protons or metal ions, or an electrochemical potential. Moreover, light is a highly interesting 
external stimulus due to a number of advantages: It is non-invasive, can be applied over large 
distances, can easily be tuned in terms of intensity as well as photon energy, and with modern 
laser techniques an extraordinarily high time resolution can be achieved.  
To create "smart" responsiveness of matter to light a molecular interface is needed that 
dynamically interacts with the photons giving rise to the desired property change.[1] 
Conventional chromophores may be considered for this, i.e. the alternated properties of their 
excited states are utilized, for example in photoredox catalysis. However, as excited states 
generally have short lifetimes, a change of properties in the ground state upon light irradiation is 
desirable. Prominent examples for this are photoacids and photocleavable protecting groups 
irreversibly setting free a reactive species upon interaction with a photon. Nevertheless, to fully 
exploit dynamic light responsiveness for the construction and the control of complex molecular 
systems, a reversible nature of the interaction of molecules with photons is mandatory. For this 
purpose photochromic compounds, i.e. molecules that can be switched reversibly between two 
or more states with differing physical and chemical properties,[2] have to be used.  
Different classes of photochromic compounds have been developed on the basis of a 
number of reversible photochemical reactions (Scheme 1).[2] The largest family is based on 
pericyclic reactions such as 6π-electrocyclizations (e.g. diarylethenes, spiropyrans 
and -oxazines, furyl fulgides and fulgimides) or [4+4] and [4+2] cycloadditions (e.g. polycyclic 
hydrocarbons such as anthracene and helianthrene). Another important family evolves from the 
E/Z isomerization of a double bond in azobenzenes, imines and hydrazones, stilbenes, or 
naturally occurring retinal. Moreover, a number of other photochemical reactions give rise to 
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interesting photochromes, for example a hydrogen transfer reaction in anils or a homolytic bond 
cleavage in triarylimidazole dimers. Upon irradiation all of these molecules significantly change 
their properties, such as absorbance and emission, molecular shape and flexibility, redox 
potentials, or dipole moment.  
 
Scheme 1. Important types of photochemical reactions and derived classes of photochromic compounds. 
The versatility of photochromic compounds leads to their application in diverse fields of natural 
sciences. They are used to remote-control functions on the molecular scale, such as reactivity 
and catalysis allowing for the precise regulation of chemical reactions,[1,3] single molecule 
fluorescence being utilized in sensing applications and superresolution microscopy,[4] or specific 
binding interactions for the photocontrol of self-assembled structures and biological systems.[5] 
Additionally, intriguing light responsive functionalities arising from molecular ensembles 
containing photochromes can be realized, such as photoactuation and –mechanics,[6] optical 
memory elements, as well as light-controllable organic electronic devices.[7] However, in order 
to achieve such functional systems with technological relevance it is mandatory to optimize the 
































































efficiency, and, often overlooked, their resistance to fatigue, i.e. the decomposition of the 
photochromic material over a large number of switching cycles. 
In this work the class of photochromic diarylethenes (DAEs) is exploited in terms of 
their applicability as light responsive gates for the construction of remote controllable functional 
systems and devices. DAEs are one of the most potent families of photochromic compounds 
with a number of properties that make them superior to others: In general, the photochemical 
interconversion between the two isomers is highly efficient, both isomers are thermally stable, 
and they are regarded to be one of the classes of photochromes possessing outstanding fatigue 
resistance.[8] Additionally, in contrast to azobenzenes, they undergo only a small structural 
change during their isomerization reaction, which makes them ideally suited for applications in 
the solid phase.[9] However, the outstanding feature of DAEs is the pronounced change of their 
π-electronic system during the isomerization reaction accompanied by a significant alternation 
of electronic levels and thus redox potentials.  
In this work the change of electronic properties of DAEs upon isomerization shall be 
utilized in two ways: On the one hand the different energy level alignment of the two isomers is 
employed to switch the charge transport of organic semiconducting matrices, thus implementing 
an additional remote-control for the function of a molecular ensemble (Chapter 4.6). On the 
other hand the alternation of electron density shall be transduced to a specific site of the 
photochromic molecule, modulating its chemical reactivity or even catalytic activity 
(Chapter 4.7). Prior to that, a central part of this work is concerned with the modification and 
improvement of the design of the parent DAE motif in order to meet criteria identified to be 
crucial for any application: Although generally regarded as highly fatigue resistant in the 
literature, it is found during this work that most DAE derivatives undergo a photochemical side 
reaction, and therefore strategies are developed to minimize the fatigue (Chapter 4.3). 
Additionally, fine tuning of the electronic changes occurring during the isomerization reaction 
as well as orthogonal photochemical and electrochemical switching of the DAE motif is realized 
(Chapters 4.4 and 4.5). In advance to these results some background on the photochemistry of 
diarylethenes and their utilization in light-responsive functional systems (Chapter 2) and a more 
detailed introduction into the molecular design (Chapter 3) are given. The syntheses of all 
diarylethene structures investigated are collected in Chapter 4.1, while Chapter 4.2 describes 
procedures for the conduction and evaluation of quantitative photochemical measurements that 




2. Theoretical background 
2.1 Diarylethene photoswitches 
2.1.1 General structure-property relationships 
The photochromism of diarylethenes is based on the 6π-electrocyclization and –cycloreversion 
reaction between a 1,3,5-hexatriene and a 1,3-cyclohexadiene core, which proceeds according to 
the Woodward-Hoffmann rules for the conservation of orbital symmetry[10] in a disrotatory 
manner when performed thermally and conrotatory after photochemical excitation. As the 
hexatriene core is incorporated in a tricyclic structure normally containing two (hetero)aromatic 
moieties, its thermal cyclization to the disrotatory ring-closed isomer has an endergonic 
character, thus only the photochemical reaction pathway is available (Figure 1a). Assuming a 
thermal equilibrium between the energetically similar antiparallel and parallel conformer of the 
ring-open isomer, only 50% of the molecules can undergo the conrotatory reaction after 
excitation, which results in a theoretical maximum quantum yield of 0.5. In fact, typical 
quantum yields for ring-closure of DAEs are in the range 0.1 – 0.6.[8a,11] However, the value 
may be significantly higher if an energetic preference for the antiparallel conformer exists in the 
ground state.[12] As the activation energy of a conrotatory cyclization/cycloreversion in the 
ground state is very high, generally both isomers are thermally stable, even at elevated 
temperatures.[8a] 
 
Figure 1. a) Conrotatory cyclization of the antiparallel conformer of a prototype DAE. b) UV/Vis spectra 
of the ring-open and ring-closed isomer as well as the photostationary state after irradiation with 313 nm 
light in hexane.[13] 
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Typically the ring-open isomer of a DAE strongly absorbs in the UV range of the 
electromagnetic spectrum (Figure 1b), which is characteristic for its electronically decoupled, 
cross-conjugated (hetero)aryl moieties. Excitation with UV light results in a fast development of 
a broad absorption band in the visible range, which can be ascribed to the ring-closed isomer 
with its π-electrons delocalized over the entire molecular backbone. As both isomers generally 
absorb UV light, a photostationary state (PSS) evolves, with its composition being highly 
dependent on the quantum yields of the forward and back reaction. Often on the DAE core a 
substitution pattern is chosen (vide infra) that effects a quantum yield for the cycloreversion 
around one magnitude smaller than that for the cyclization resulting in a conversion of >90% to 
the ring-closed isomer in the PSS upon UV light irradiation.[11] During the visible light driven 
back reaction a quantitative conversion is achieved, as only the ring-closed isomer absorbs at 
the excitation wavelength.  
The principle structure of DAEs was already derived in the mid-1960s from detailed 
investigations of the photochemistry of stilbenes and hetarylstilbenes forming 
dihydrophenanthrene derivatives upon excitation.[14] In the late 1980s Irie and coworkers 
recognized the potential of 1,2-dihetarylethenes as thermally stable photochromic switches[15] 
and systematically developed their basic design principles. Since then, plenty of research has 
been done revealing fundamental structure-property relationships, which shall be briefly 
described in the following paragraphs. In Scheme 2 an overview of the structural versatility of 
DAEs is given, divided into four building blocks out of which the photochromic core has to be 
assembled, i.e. a bridging moiety, two hetaryl rings, substituents R1 at the ring-closing carbons, 
and substituents R2 in the periphery of the DAE. 
 
Scheme 2. Structural composition of photochromic DAEs and examples for the nature of the different 
building blocks. 
Role of the bridge 
The incorporation of the central double bond of the hexatriene system into a cyclic structure 
eliminates its photochemical E/Z isomerization, which would compete with the desired 
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maleimide,[17] and perfluorocyclopentene[18] as bridging moiety. In particular, the 
perfluorocyclopentene bridge enjoys a huge popularity in the DAE community up to the present 
day, as it combines good photochemical stability with high switching efficiencies. Feringa and 
coworkers developed DAEs possessing non-fluorinated cyclopentene as bridging moiety, which 
broadens the synthetic flexibility and imparts advantageous electrochemical properties to the 
parent structure (see Section 2.1.4) while showing a comparable photochemistry.[19] Another 
milestone in the development of modern DAEs was the implementation of a third hetaryl 
moiety in place of the central double bond resulting in so called "terarylenes".[20] Since the 
additional group loses its aromaticity during ring-closure, terarylenes were identified to be 
thermally reversible, while the thermal rate constants can be fine-tuned by varying the nature of 
the hetaryl rings. Additionally, terarylenes allow for distinct functionalization of the bridging 
moiety leading to highly interesting structures, e.g. possessing extraordinarily large quantum 
yields for the ring-closure reaction.[21]  
In principle, any cyclic structure possessing a localized double bond can be used as 
bridging moiety, as has been demonstrated by DAEs functionalized with a phenanthroline[22] or 
an N-heterocyclic carbene moiety.[23] These examples point to the potential of bridge 
modifications for implementing chemical functionalities into DAEs that shall be modulated by 
the photochromic reaction (see Section 2.2). 
Role of the hetaryl rings 
Placing two double bonds of the hexatriene system into 5-membered hetaryl rings ensures the 
endergonic nature of the disrotatory cyclization reaction, while at the same time providing a 
π-electronic system absorbing UV light at reasonable wavelengths and extinction coefficients. It 
is mandatory to use heteroaromatics with relatively low aromatic stabilization energy to retain 
the thermal irreversibility of the photochromic reaction.[15b] Although most DAE compounds 
found in the literature possess thiophene or benzothiophene rings, a variety of other hetaryl 
structures such as thiazole, furan, imidazole, or pyrrole as well as their benzannulated analogues 
can be used. It has been shown that thiazoles, exhibiting less aromatic stabilization energy than 
thiophene, significantly increase the thermal half-lifes of ring-closed isomers at elevated 
temperatures.[20a,24] Interesting structural modifications can be made when choosing an 
unsymmetrical substitution pattern: By placing only one hetaryl ring as one "arm" of the DAE it 
is possible to use a different double bond containing structure as the other "arm" while retaining 
the photoswitchability and thermal stability. Thus, unsymmetrical DAEs were realized which 
possess highly aromatic benzene and naphthalene rings[25] or which are functionalized with 
nucleosides ready to be incorporated into DNA.[26] 
The mode of connection between the hetaryl rings and the bridging moiety has huge 
impact on the photochemical properties of DAEs. If in case of thiophene the connection is done 
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via the β-positions of the hetarenes, i.e. X = S and Y = CH in Scheme 2, so called "normal type" 
DAEs are obtained, which this work generally refers to. However, a connection via the α-
positions (X = CH and Y = S) yields "inverse type" DAEs with markedly different 
photochemical properties.[27] Whereas for normal type DAEs there is no direct conjugation path 
between the two hetaryl moieties in the ring-open isomer due to cross-conjugation with the 
bridge, in inverse type DAEs the π-electron density is more delocalized resulting in a significant 
bathochromic shift of the absorbance. However, the absorbance of the ring-closed isomer is 
shifted hypsochromically compared to normal type DAEs, because after cyclization the 
conjugation path is interrupted. This also has interesting implications on the observed quantum 
yields for ring-closure and ring-opening. While for normal type DAEs usually ring-closure is 
very efficient and ring-opening is significantly slower, the opposite situation holds for inverse 
type DAEs.[27a,27b] This observation is attributed to changes of activation barriers in the excited 
state (see Section 2.1.2). 
Besides the distinction between normal and inverse type DAEs there are no systematic 
investigations in the literature on the dependency of quantum yields and other photochemical 
properties on the nature of the hetaryl moieties. 
Role of substituents R1 at the reactive carbon atoms 
Substitution at the reactive carbon atoms is obligatory to avoid oxidation of the ring-closed 
isomer to phenanthrene analogues.[14b,14c] Thus, in the vast majority of DAEs reported in the 
literature the protons on the inner α-positions of the hetaryl rings are replaced by methyl groups. 
Nevertheless, variation of this substituent yields structures with modulated properties: Placing a 
bulky substituent, for example an isopropyl group, at this position improves the quantum yield 
for ring-closure due to an increased population of the antiparallel conformer in the ground 
state.[12b] However, thermal reversibility is induced as well due to weakening of the formed C-C 
bond by the increased steric strain.[28] Other derivatives demonstrate that substituents exerting a 
+M effect on the reactive carbon atoms, e.g. methoxy groups[28b,29] or fluorine[30], significantly 
stabilize the ring-closed isomer resulting in a marked decrease of the quantum yield for ring-
opening. On the contrary, attaching electron withdrawing cyano groups has been shown to 
accelerate the photochemical cycloreversion.[31]  
Role of substituents R2 in the periphery 
Substitution in the periphery of DAE structures may significantly influence their photochemical 
properties and thermal reversibility. In case of normal type DAEs a great variety of substituents 
has been installed in the α-position of the heterocyclic rings opposite to the reactive carbons, 
reaching from simple methyl groups over substituted phenyl groups to almost any type of 
functional group, e.g. chlorine, aldehyde, carboxylic acid, dicyanoethylene, or alkyne moieties. 
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Generally two trends can be observed: First, strong electron accepting moieties in the periphery 
significantly decrease the thermal stability of the ring-closed isomer as reported for 
dicyanoethylene, N-methylpyridinium or protonated amine groups.[32] Second, the more the 
conjugated π-system of the DAE backbone is enlarged by the substituent, the more the 
absorbance of both the ring-open and ring-closed isomer is shifted to longer wavelengths, 
eventually allowing for the operation of DAEs solely with visible light.[33] However, with an 
increasing π-electron delocalization the ring-closed isomer gets stabilized resulting in 
decreasing quantum yields for cycloreversion up to the situation in which it is essentially 
zero.[34] As mentioned earlier, decreasing the ring-opening quantum yield to some extent is 
beneficial if a large conversion to the ring-closed isomer is desired. Thus, in many DAE 
structures (substituted) phenyl rings are used as substituents R2 effecting a decrease in the 
cycloreversion quantum yield of about one order of magnitude.[11b]  
Besides the fine tuning of the photochromic properties the peripheral substituents 
generally serve as an anchoring point for the implementation of diverse chemical functionalities 
that shall be remote controlled by operation of the switch (see Section 2.2) 
2.1.2 Excited state properties 
The mechanism of the photochemical isomerization of DAEs has been subject to intensive 
research in the past two decades. A huge number of experimental investigations give a concise 
picture of the excited state properties. Transient absorption spectroscopy revealed that generally 
the ring-closed isomer is formed within a few picoseconds after excitation of the ring-open 
isomer.[35] Additionally, the temperature independence of both the lifetime of the excited state of 
the ring-open isomer[36] as well as cyclization quantum yields[27a,36-37] points to an essentially 
barrierless reaction pathway. Thus, the cyclization efficiency of DAEs is mainly dependent on 
the ratio of the antiparallel and parallel conformer in the ground state (vide supra), as within the 
short lifetime of the excited state a conformational equilibration is not possible.[35a] 
Consequently, it has been shown that the cyclization quantum yields were dramatically 
increased up to values close to unity by thermodynamically stabilizing and thus increasing the 
population of the antiparallel conformer[21] or by preparative isolation of the antiparallel 
conformer of a rotationally hindered DAE.[12a] Due to fast deactivation of the excited state via 
the cyclization reaction fluorescence of the ring-open isomer is generally weak, although there 
are a number of exceptions.[38] It could be shown for a prototype DAE that weak fluorescence 
originates from the excited state of the non-reactive parallel conformer.[35a] 
For DAE structures possessing a pronounced donor-acceptor character the cyclization 
reaction may be strongly inhibited, accompanied by an increase of the lifetime of the excited 
state.[11b,16,39] This behavior was attributed to the charge transfer character of the excitation and 
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subsequent stabilization of the excited state by rotation of the hetaryl rings orthogonal to the 
cyclization reaction coordinate to form a twisted intramolecular charge transfer (TICT) state.[40]  
As mentioned earlier, the photochemical ring-opening of DAEs is generally much less 
efficient than ring-closure. Ultrafast dynamics of the excited state of the ring-closed isomer 
show that during its lifetime within the picosecond range more than one deactivation pathway 
can be followed.[36] On the one hand cycloreversion via the same conical intersection that is 
populated during ring-closure can happen; on the other hand competitive non-radiative 
deactivation via a different conical intersection is discussed. Importantly, the lifetime of the 
excited state as well as quantum yields for ring-opening depend strongly on 
temperature[11b,27a,34b,36-37,41] and the excitation wavelength.[11a,41b,42] This indicates the presence of 
an activation barrier on the excited state potential energy surface. 
Already in the mid-1990s high level quantum mechanical calculations were performed 
in order to rationalize the photochemical interconversion between cis/Z/cis-1,3,5-hexatriene 
(HT) and 1,3-cyclohexadiene (CHD).[43] The principal findings are summarized in Figure 2. 
After excitation of both HT and CHD to the accessible S2(1B) state, rapid relaxation within the 
Frank-Condon region to the energetically near S1(2A) surface takes place. On this surface the 
minima HT* and CHD* are reached. While the structure of CHD* is very similar to the 
structure of CHD, in HT* the distance between the ring-closing carbons is significantly shorter 
than in HT. The CHD* minimum is shallow, as only a very small activation barrier exists along 
the reaction coordinate (i.e. the distance between the ring-closing carbons) that is easily 
overcome (Figure 2b). This finally results in the population of the same HT* minimum from 
both sides of the PES. Importantly, from the energy profile along the reaction coordinate it can 
be deduced that this coordinate is not sufficient for the description of the excited state dynamics, 
as no minimum pointing to a conical intersection with the S0(1A) surface exists. Thus, an 
orthogonal coordinate, i.e. the lowest frequency normal mode of HT* describing a bending of 
the hexatriene core, has to be considered. After redistribution of the vibrational energy in the 
HT* minimum, movement along the second coordinate takes place and finally a conical 
intersection (CICHD) is reached, from where both ground state minima are accessible (Figure 2c). 
The fact that starting from both sides the reaction proceeds through the same excited state 
intermediates implies that the sum of the quantum yields for the forward and backward reaction 
cannot exceed unity and the ratio between both is determined by the branching of the S0(1A) 
surface at the conical intersection. A distinct feature of the structure of the hexatriene at the CI 
is recognized: The C1, C5, and C6 carbons form an isosceles triangle with the distances C1-C5 
and C1-C6 being almost identical. Importantly, theory predicts that bond formation between C1 
and C5 could also happen from CICHD leading to the formation of the methylcyclopentene 
diradical (MCPD) which may react to bicyclohexene (BCH), an intermediate structure 
discussed for the fatigue reaction of DAEs (see Section 2.1.3).  
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Figure 2. Mechanism of the photochemical HT-CHD interconversion. a) Structure of CICHD and possible 
reaction products. b) CASSCF(6,6)/4-31G energy profiles along the CHD→HT reaction coordinate in 
the 1A ground state and 2A excited state. c) Cross section of 2A and 1A potential energy surfaces 
(CASSCF(6,6)/4-31G) spanned by the geometrical parameters R and α. Solid lines represent reaction 
paths connecting the different regions of the 2A surface, the dashed line marks the region where the two 
surfaces are degenerate.[43c] 
Theoretical treatment of the excited state of DAEs[44] gives a very similar mechanistic picture, 
though some decisive differences to the HT-CHD system exist. Calculations on model DAE I 
(Figure 3a)[44b] show that the isomerization reaction starting from both the ring-open isomer (HT 
form) and ring-closed isomer (CHD form) proceeds via the same minimum HT* and conical 
intersection ConInt1 on the S1(2A) surface (Figure 3b). At the latter point the ground state PES 
branches between the HT and CHD minima. Again ConInt1 does not lie directly on the reaction 
coordinate but is accessed by bending of the DAE structure forming an isosceles triangle 
between C1, C5, and C6 (Figure 3c). Starting from the HT side, the reaction path to ConInt1 is 
barrierless. Nevertheless, starting from the CHD side, a significant barrier (TS5 in Figure 3b) 
between CHD* and HT* has to be overcome, which is in stark contrast to the simple hexatriene-
cyclohexadiene system. Besides, additional conical intersections near the CHD* and HT* 
minima were identified, which lead to deactivation of the excited state without undergoing 
isomerization. Together these two facts explain the experimentally observed poor quantum 
yields for ring-opening as well as their temperature and wavelength dependence. The barrier 
between CHD* and HT* represents a "bottleneck" for ring-opening, which has to be hit by 
CHD* competing with other possible geometries leading to deactivation. 
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Figure 3. Mechanism for the photochemical isomerization of DAEs. a) Structure of model DAE I. b) 
CASSCF(10,10)/4-31G potential energy surfaces of the S0(1A) and S1(2A) states. The surface is spanned 
along the reaction coordinate (distance between C1 and C6) and the branching space of the conical 
intersection (i.e. the linear combination of the gradient difference vector and derivative coupling vector) 
corresponding to a bending motion of the DAE. c) Distortion from C2-symmetry at the conical 
intersection ConInt1.[44b,45] 
To overcome the efficiency limitation for the ring-opening process several strategies are 
suggested: As mentioned earlier, distinct substitution at the ring-closing carbon atoms may 
alternate the energy of the ring-closed isomer, influencing the height of the barrier in the excited 
state.[31b] Other experiments show that significantly increased cycloreversion quantum yields are 
obtained by a stepwise multiphoton excitation into higher excited states[46] or by plasmonic 
enhancement near gold or silver nanoparticles.[47] Another strategy utilizing photoredox 
catalysis to induce ring-opening is described in Section 2.1.4 of this work. 
Besides the thoroughly investigated singlet reaction pathway, DAEs were also found to 
cyclize in the triplet state. A number of studies concerning DAEs bound as ligands to different 
heavy metal atoms prove that ring-closure proceeds with high quantum yields upon excitation of 
the MLCT band, subsequent intersystem crossing, and triplet energy transfer to the DAE 
ligand.[22,48]. Population of the DAE triplet state may also be induced by intersystem crossing of 
the DAE chromophore itself[48b] or by inter-[49] or intramolecular[50] sensitization with an organic 
sensitizer. From quantum mechanical modeling of the triplet reaction pathway it can be deduced 
that a barrier exists between minima corresponding to the ring-open and ring-closed isomers.[48b] 
However, the barrier is relatively small from the side of the ring-open isomer and can be 
overcome during the long lifetime (several µs) of the triplet state. Ring-opening is not observed 
due to the significantly larger stability of the triplet state of the ring-closed isomer. All in all, the 
cyclization reaction of DAEs in the triplet state represents an attractive alternative to the singlet 
photochemistry as it can be induced by irradiation with visible light using sensitizers, proceeds 
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2.1.3 Fatigue behavior1 
For the application of photoswitches to construct functional systems with technological 
relevance a crucial property is the resistance to fatigue, i.e. the stability of the photochrome 
against bleaching and side reactions over a large number of switching cycles. Even the 
occurrence of a slow side reaction, which is hardly observed when the isomerization is 
performed only once, will lead over tens or hundreds of switching cycles to a significant loss of 
photochromic material. In this respect, DAEs are generally regarded to possess outstanding 
properties. Some derivatives are reported to withstand more than 104 switching cycles without 
any sign of degradation.[8a] In particular, for the motifs shown in Scheme 3 exhibiting either 
benzothiophene[18] or β-methyl substituted thiophenes[51] as aryl moieties in conjunction with the 
hexafluorocyclopentene bridge no by-product formation is observed. 
 
Scheme 3. Fatigue resistant diarylperfluorocyclopentenes. 
However, it has been noted by several groups that distinct DAE derivatives show different types 
of photochemical side reactions, e.g. oxidation or elimination reactions of the ring-closed 
isomer.[52] In particular, the formation of an annulated ring system (Scheme 4) has been reported 
for perfluorocyclopentene and perhydrocyclopentene derivatives.[51,53] The structure of the by-
product has been proven by X-ray crystallography.[51,53g] It is formed upon excitation of the ring-
closed isomer with UV light by a formal 1,2-dyotropic rearrangement,[54] i.e. two substituents 
are exchanged along the central C-C single bond. The rearrangement may proceed via radical 
intermediates formed either after homolytic C-S bond cleavage in one of the thiophene rings or 
reaction of the cyclohexadiene core to the methylcyclopentene diradical (MCPD) intermediate, 
as discussed before (Scheme 5 top and middle).[53g] Both reactions would lead to the 
bicyclohexene intermediate BCH, which eventually forms the annulated by-product. However, a 
concerted mechanism for the 1,2-dyotropic rearrangement (Scheme 5 bottom)[55] or ionic 
intermediates are also conceivable.  
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Scheme 4. Formation of an annulated isomer as a by-product of DAE photochromism. 
 
Scheme 5. Possible mechanisms for by-product formation.[53g,55] 
A recent theoretical work by Jacquemin and coworkers[45] examines the cleavage of the C-S 
bond as reaction coordinate in the excited state of the ring-closed isomer (Figure 4). Due to 
performance restrictions the calculations on the CASSCF(10,10)/6-31G(d) level of theory were 
based on model DAE II bearing CH2 groups instead of sulfur atoms after showing that the 
exchange has only minor effects compared to model DAE III. In analogy to an older work[56] a 
ground state reaction path between the ring-closed isomer (CHD) and the by-product (BP) via 
the BCH intermediate has been identified, which is characterized by a huge thermal barrier for 
the initial bond cleavage (Figure 4b). However, in the S1(2A) excited state (Figure 4c) the 
C-CH2 bond cleavage proceeds via a barrier TS4 that is only slightly larger than the barrier TS5 
leading to ring-opening. Behind TS4 a conical intersection leads to the ground state PES at 
geometries near the planar minimum PM and transition state TS2, which are shown in Figure 4b. 
From this region the molecule may react back to the ring-closed isomer or form the by-product. 
It was suggested that sterical hindrance between the hetaryl ring and the bridge, as it is present 
in the structures shown in Scheme 3, increases the barrier TS3 between the BCH intermediate 
and the by-product, making both structures much more fatigue resistant than other DAEs.[56] 
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Figure 4. Quantum mechanical modelling of by-product formation. a) Structure of model DAEs 
investigated. b) Ground state reaction path of model DAE II for the formation of the by-product (BP) 
from the ring-closed isomer (CHD) via a planar minimum structure (PM) and a bicyclohexene 
intermediate (BCH). c) CASSCF(10,10)/6-31G(d) potential energy surfaces of the S0(1A) and S1(2A) 
states of model DAE II. The surface is spanned along the reaction coordinate (distance between C1 and 
C6) and the initial fatigue coordinate (distance between C1 and the CH2 group). d) Structure of model 
DAE II at TS4 and ConInt2 showing the elongation of the C1-CH2 distance.[45] 
Besides this finding there are hardly any systematic investigations of the dependency of by-
product formation on the molecular structure of DAEs. It has been noted earlier that 
dithienylperhydrocyclopentenes suffer more from fatigue than the respective 
perfluorocyclopentene derivatives.[19b] Only the combination of β-methyl substituted thiophenes 
or benzothiophenes with the perfluorocyclopentene bridge completely prevents the formation of 
the annulated isomer in the structures shown in Scheme 3. Additionally, oxidation of one 
thiophene or benzothiophene unit to the S,S-dioxide may lead to an improved photochemical 
stability.[57] For the photoconversion of DAEs in the single crystalline state the formation of the 
annulated by-product has not been observed.[51]  
2.1.4 Electrochemical properties2 
The strong alternation of the π-electronic system of DAEs during their isomerization, changing 
from isolated aromatic cores in the ring-open isomer to an extended conjugation over the whole 
molecular backbone in the ring-closed isomer, can easily be observed by electrochemical 
investigations using cyclic voltammetry. Typically the ring-open isomer is oxidized and reduced 
                                                 
2 Parts of this section have been published in M. Herder et al., Chem. Sci. 2013, 4, 1028-1040. 
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at significantly higher positive or negative potentials, respectively, than the ring-closed isomer, 
reflecting the reduction of the HOMO-LUMO gap during cyclization. 
An interesting feature of many, though not all, DAE structures is the possibility of 
triggering their isomerization reaction not only by light, but also by electrochemical oxidation 
or reduction. DAEs bearing thiophenes as hetaryl rings (dithienylethenes, DTEs) often undergo 
oxidative cyclization, which can be observed in cyclic voltammograms that consist of several 
consecutive scans (Figure 5a).[58] After a two-electron oxidation of the ring-open isomer has 
been performed, cathodic waves as well as anodic waves in the second scan cycle corresponding 
to the ring-closed isomer appear. Depending on the substitution pattern of the DTE oxidative 
cycloreversion has also been reported.[58c,58g,58h,59] In addition, DTEs substituted with redox 
active metal centers show a similar behavior.[60] A reductive cyclization reaction was reported 
for DAEs substituted with cationic N-methylpyridinium units in the periphery of the 
photochromic core.[61] The combination of the different structural motifs in one molecular 
scaffold afforded a fully bidirectionally switchable DAE that undergoes isomerization in both 
directions either by excitation with light or by the electrochemical pathway.[62] 
 
Figure 5. a) Typical cyclic voltammogram of a DAE showing oxidative cyclization during consecutive 
scan cycles.[58f] b) Possible intermediates of the oxidative cyclization following an EEC or an ECE 
mechanism. 
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The mechanistic pathway for the oxidative ring-closure or ring-opening of DAEs is still under 
discussion. Both radical cationic intermediates[58e-h,59a,59b] and dicationic inter-
mediates[58a,58b,60a,60e] were postulated to be the species undergoing the thermal isomerization 
reaction. Thereby, it is assumed that an equilibrium exists between oxidized ring-open and ring-
closed isomers which is shifted to either side depending on the substituents. For the oxidative 
cyclization reaction shown in Figure 5a both radical cationic or dicationic intermediates would 
experimentally lead to the same observation: For a reaction via a monocationic state one would 
postulate an ECE-mechanism consisting of an initial electron transfer (E) from the ring-open 
isomer giving the radical cation, which subsequently undergoes a fast chemical reaction (C), i.e. 
cyclization (Figure 5b). As the resulting ring-closed isomer possesses a lower oxidation 
potential, a second electron is immediately transferred to the electrode resulting in the ring-
closed dicationic species. Nevertheless, an EEC-mechanism might also be possible: Supposing 
both thienyl moieties of the ring-open isomer are electronically decoupled by twisting of the 
ring-planes and cross-conjugation with the bridge, they can be regarded as independent redox 
centers that in case of a symmetrical molecule get oxidized simultaneously or at least at very 
similar potentials.[63] Thus a diradical dication of the open isomer is formed that cyclizes to the 
dicationic ring-closed isomer. In both cases, cyclic voltammetry shows an irreversible two-
electron oxidation of the ring-open isomer. 
It was proposed that the oxidative ring-opening of some DAEs, generally assumed to 
occur in the monoradical cationic state, might be utilized as an alternative to the inefficient 
photochemical cycloreversion (see Section 2.1.2).[59] In principle, the oxidative isomerization 
reaction in direction of the ring-open isomer is "catalytic in electrons", i.e. only some oxidation 
events are needed to induce a reaction chain resulting in complete ring-opening (Scheme 6). At 
a certain potential the radical cation of the ring-closed isomer is formed, which thermally ring-
opens resulting in a shift of its oxidation potential to higher values. Thus, it gets reduced by 
another ring-closed molecule which itself is oxidized to the radical cationic state, proceeding the 
reaction chain. In recent works by Fukuzumi and Nam[64] this concept was combined with 
organic and inorganic photoredox catalysts, which upon excitation with visible light induce the 
primary oxidative event (Scheme 6). Effective quantum yields up to 0.38 have been obtained for 
this process, depending on the catalyst and concentration. In principle, with this strategy it is 
possible to overcome the intrinsic limitation of the DAE photochemistry that the sum of 
quantum yields for the forward and backward reaction cannot exceed unity. 
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Scheme 6. Photoelectrocatalytic ring-opening of DAEs using a photoredox catalyst (PS).[64a] 
The electrochemistry cannot only be used to enhance the efficiency of the isomerization 
reaction, but also may serve as a stimulus orthogonal to the photochemistry. Thus, by oxidative 
cyclization of a DAE dimer the singly ring-closed compound was selectively obtained whereas 
by irradiation only the doubly ring-closed isomer was accessible.[60b] Though these examples 
demonstrate the huge potential of the electrochemical pathway, there are only few systematic 
studies concerning its mechanism and efficiency. In particular nothing is known about fatigue 
during electrochemical operation of DAEs. 
 
2.2 Application of diarylethenes to remote-control functions 
2.2.1 General principles 
The simplest remote-controllable function of a photochromic molecule is the absorption of light 
of distinct wavelengths and thus the emergence of color. However, as there are more physical 
and chemical properties that are altered upon the isomerization reaction many other functions 
exerted either by single photochromic molecules or by molecular ensembles containing the 
photochrome can be modulated by irradiation with light. The superior photochromic properties 
of DAEs make them ideal candidates for the construction of such smart functional systems. 
Indeed, in the last two decades academic interest in their application in all fields of natural 
sciences has grown enormously. Looking into the literature four principle strategies can be 
identified how the photochromic reaction of DAEs can be translated into a remote-controllable 
function (Figure 6). Some examples rely on the geometrical modulation of the DAE core upon 
isomerization, though it is generally relatively small compared to other photochromic molecules 
(strategies A and B). The vast majority of applications, however, utilize the marked electronic 
changes occurring during isomerization (strategies C and D). In the following the different 
strategies will be briefly discussed.  
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Figure 6. Examples for remote-controlling functions using DAEs based on their geometrical and 
electronic changes upon isomerization. A) Changing molecular shape leads to shrinking and bending of 
DAE single crystals observed under a microscope.[65] B) Reduced flexibility of a ring-closed isomer 
prevents intramolecular hydrogen bonding and thus induces supramolecular polymerization.[66] C) Altered 
π-conjugation pathways lead to coupling of a phenol to an electron acceptor reducing its pKA value.[67] D) 
The reduced energy gap of the ring-closed isomer allows for energy transfer from an excited fluorophor 
quenching its emission.[68] 
A) Change of molecular shape: In fact, the geometrical difference between the ring-
open isomer and the ring-closed isomer is only very small, in contrast to many other 
photochromic compounds such as azobenzenes. This allows for the remarkable feature of some 
DAE derivatives to isomerize in the single crystalline state.[9] However, the mechanical stress 
resulting from the subtle change of molecular shape of some DAE molecules undergoing 
isomerization in the crystal lattice can result in impressive macroscopic morphology changes of 
the single crystal, such as shrinking, bending, or twisting, making DAE single crystals potential 
photoactuators converting light into mechanical work.[65,69] 
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B) Change of molecular flexibility: While in the ring-open isomer rotations around the 
single bonds are possible leading to an equilibrium between the parallel and antiparallel 
conformer, the ring-closed isomer is a stiff and flat molecule. This can have dramatic effects on 
the self-aggregation behavior[70] or on the geometry of specific association motifs.[66,71] As an 
example, while the ring-open form of a DAE functionalized with ureidopyrimidinone moieties 
undergoes intramolecular hydrogen-bonding in the parallel conformer, in the ring-closed form 
only intermolecular association is possible leading to the formation of supramolecular 
polymers.[66] Changes in molecular flexibility of DAEs were also demonstrated to lead to a 
differing binding affinity of the DAE isomers to biological receptors[72] or a modulation of the 
coordination sphere of metals bound to DAE ligands.[73] 
C) Change of the π-electronic system: By isomerization of the DAE core the 
conjugation pathways through the molecular backbone are significantly altered making it 
possible to reversibly couple and decouple EWGs or EDGs with groups that exert a function. In 
Figure 6c this principle is shown by means of a phenol moiety whose acidity is increased after 
coupling with an electron accepting N-methylpyridinium unit in the ring-closed isomer.[67,74] By 
utilizing this coupling/decoupling principle or the general reshuffling of double bonds during 
isomerization, it was demonstrated that the reactivity or catalytic activity of certain functional 
groups can be effectively modulated (see Section 2.2.3). In a diploma thesis preceding this 
work, it was shown that the strength of supramolecular association via hydrogen bonding may 
also be modulated using this strategy.[75] 
D) Change of energy levels: The different π-electronic structures of the isomers induce 
a marked alternation of the HOMO and LUMO energy levels. Besides inducing different light 
absorption of the two isomers, this property can be used in manifold ways. The emission of 
fluorophores attached to DAEs can be quenched by energy transfer or electron transfer typically 
to the ring-closed isomer with its reduced energy gap, as shown in Figure 6d.[68,76] This gives 
rise to a huge number of potential applications in e.g. information storage and processing, 
sensing, or superresolution microscopy.[4,38b] Moreover, the excited states of other functional 
moieties such as triplet sensitizers can be reversibly quenched using DAEs.[77] Additionally, by 
alternating HOMO and LUMO levels the mobility of charge carriers in organic electronic 
devices or the conductance through single molecules can be efficiently affected (see Section 
2.2.2). 
2.2.2 Diarylethenes in organic electronic devices 
Given the strong alternation of the electronic properties of DAEs during their isomerization it is 
obvious that they may be advantageously used as active building blocks to construct light-
controllable electric circuits and devices. This opens up the emerging field of active 
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optoelectronic materials and devices that promise manifold applications in information 
processing, memory elements, or sensing technologies.[7,78] 
In a number of reports the binary modulation of electrical conductance by light induced 
isomerization of DAEs was demonstrated at the single molecular level with the help of STM,[79] 
conducting AFM,[80] and molecular junctions sandwiching single DAE molecules between 
nanoscale electrodes[81] or nanoparticle networks.[82] Typically, DAE molecules are contacted to 
gold electrodes or nanoparticles via thiol anchor groups, though covalent functionalization of 
carbon nanotubes or graphene has also been reported. However, it turned out that it can be 
difficult to retain full photoswitchability while bringing the DAE in close contact with the 
electrode due to quenching of the excited state by the metal surface.[81c,83] Additionally, single 
molecular junctions are difficult to fabricate and are prone to large statistical fluctuations. 
It is much easier to measure conductance of bulk DAE materials, such as single crystals, 
amorphous and polycrystalline films,[84] as well as polymeric materials containing DAEs in their 
main chain.[85] Indeed, significant changes of the electrical properties of these materials upon 
light irradiation have been observed. However, their applicability may be limited due to poor 
intrinsic conductivity[84b] or low conversions to the ring-closed isomer in the solid state.[85a]  
For these reasons it is advantageous to combine the photochromic molecule with 
established organic semiconductors and thus to construct light responsive organic electronic 
devices, such as two-terminal devices like simple diodes and OLEDs, or three-terminal devices 
like OFETs. For implementing a photochromic compound into a device different strategies can 
be found in the literature (Figure 7).[78a] First of all the photochromic molecule may be used 
itself as an organic semiconductor, optionally in combination with other emissive or hole- and 
electron-transporting layers. This has been realized using DAEs to construct photo-
programmable diodes[86] and OLEDs[87] that can be applied as high density memory elements. 
The basic principle of operation of these devices is shown in Figure 8a for the example of an 
OLED that was designed by the group of Meerholz.[87b] A crosslinked DAE layer is fabricated in 
between the anode and the emissive layer of the device. By photoisomerization of the DAE the 
valence level of this layer, i.e. the HOMO energy, is shifted, thus allowing for hole injection 
into the DAE layer in the ring-closed form (ON-state), while it comprises a hole-blocking layer 
in the ring-open form (OFF-state). Only in the ON-state the holes arrive at the emissive layer 
where they recombine with electrons to emit photons. In seminal works[86f,87c] Meerholz and 
coworkers demonstrated the huge potential of photo-programmable diodes and OLEDs to store 
information, as a multitude of differentiable states could be obtained for one device by 
controlling the irradiation time. The readout process can be accomplished by simple current 
detection in case of the diode or optical photography of the OLED emission. 
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Figure 7. Possibilities to implement photochromic compounds into organic electronic devices. a) Two-
terminal device (e.g. diode, OLED). b) Three-terminal device (e.g. OFET). The figure was taken and 
modified from Wakayama et al.[78a] 
 
Figure 8. Mechanisms for photocontrol of organic electronic devices. a) Switchable hole-blocking layer 
consisting of a DAE (XDTE) in its ring-open or ring-closed form in a photo-programmable OLED with a 
layered architecture.[87b] b) Hole trapping in a blend of an organic semiconductor (SC) and a photochrome 
(PC) with switchable HOMO levels. Solid arrows show unhindered hole injection and trap-free hole 
transport (ON-state) while dashed arrows indicate blocking of hole injection and charge trapping 
(OFF-state) in a) and b) respectively. Figure b) was adapted from Crispin et al.[88] 
An OFET using a neat DAE layer as semiconductor that comprises a large switching 
ratio of the drain current of 100 between the photochemical ON and OFF state has recently been 
realized by the group of Wakayama.[89] However, the hole mobility of the device was very low 
(110-5 cm² V-1 s-1), which shows the poor semiconducting properties of the DAE itself. In 2010 
a layered OFET device consisting of a DAE layer between the dielectric and a layer of 
pentacene as semiconductor was reported, which showed a higher hole mobility but 
significantly lower ON/OFF ratios.[90] The reduction of drain current in the OFF state was 
attributed to hole injection into the poorly semiconducting DAE layer occurring after 
isomerization to the ring-closed isomer. 
To improve the interaction of the photochrome with a highly efficient organic 
semiconductor a second strategy was theoretically proposed[88] consisting of simple blending of 
both components into one layer. By precise alignment of the energy levels in a way that the 
HOMO of the photochrome in one isomerization state lies above the HOMO level of the 
semiconductor its hole mobility should decrease due to charge trapping at the photochrome sites 
(Figure 8b). By isomerization the HOMO level of the photochrome is lowered and unhindered 
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hole transport via the valence level of the semiconductor is possible. That this principle might 
work using DAEs as photochromes can be deduced from experiments on blends with 
polyoctylthiophene[91] or F8BT[92] as semiconducting matrices showing a variation of 
photocurrent upon isomerization. Besides, the results presented in this work (section 4.6) are the 
first example of utilizing the blending approach to implement DAEs in highly efficient 
photomodulable electronic devices. Blends of other photochromes, in particular of the 
spiropyran/spirooxazine type, with semiconductors were reported earlier and in parallel to this 
work, however, they generally exhibit relatively low photochemical ON/OFF ratios in OFET 
device configurations.[93]  
Further possibilities to implement photoresponsivity into devices are the modification of 
the electrode semiconductor interface or, in case of OFET configurations, the modulation of the 
gate dielectric by blending or interface engineering. While the former was successfully realized 
using self-assembled monolayers (SAMs) of DAEs on gold electrodes,[94] the latter was only 
reported using spiropyran photoswitches.[95] 
2.2.3 Diarylethenes for reactivity control and catalysis 
The reversible control over chemical reactivity using photochromic compounds demands that 
the properties of a specific functional group are modulated to a large extent by the photo-
isomerization.[1,3] In particular, designing switchable systems that show reasonable reactivity in 
the ON-state and are completely unreactive in the OFF-state is difficult. However, such systems 
possess a huge potential to enable chemists to control where and when a specific reaction takes 
place. In terms of information processing such systems would be the interface to translate an 
external optical signal to a chemical signal. Especially the situation of a switchable molecule 
serving as a catalyst for a distinct reaction, with its activity being highly different in the two 
switching states, is advantageous. An optical signal consisting of few photons would be 
amplified by orders of magnitude giving a huge chemical response. 
In a number of reports it was shown that azobenzenes and other photochromic units can 
be utilized to modulate catalytic activity based on geometrical changes.[3b] In contrast, there are 
only some very recent reports on photoswitchable catalysts based on the electronic modulation 
of the active functional group using DAEs.[23a-d,96] However, it was shown earlier that chemical 
reactivity of distinct functional groups being part of or attached to the DAE scaffold can be 
modulated. 
One strategy consists of the reversible electronic coupling/decoupling of a donor or 
acceptor group to the reactive moiety, modulating its nucleo-/electropilicity or its (Lewis) 
basicity/acidity. Besides the photocontrol over pKA values of a phenolic group (i.e. the 
photocontrol over acid/base equilibria, see Figure 6c),[67,74] there are reports demonstrating the 
modulation of the reactivity of an alkyne towards tetracyanoethylene[97] as well as the 
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nucleophilicity and Lewis basicity of a pyridine moiety[98] by coupling/decoupling with an 
electron donating N,N-dimethylaniline or an electron accepting N-methylpyridinium moiety. In 
terms of photoswitchable catalysis, Branda and coworkers. used the latter structural motif to 
modulate the racemization of L-alanine mediated by a DAE linked aldehyde with an ON/OFF 
ratio of 10 (Scheme 7a).[96a] However, the authors did not conduct any control experiments to 
reveal whether it is the reduced electrophilicity of the carbonyl moiety or the reduced acidity of 
the imine intermediate which leads to the strongly suppressed catalytic activity in the ring-open 
state of the DAE. Yashima and coworkers ascribed differences in the catalytic acetylation of 
2-decanol mediated by N-methylimidazole coupled to a DAE core to electronic changes 
occurring during the isomerization reaction.[96b] 
 
Scheme 7. Reactivity control using DAEs: a) Catalytic racemization of L-alanine by the ring-closed 
isomer.[96a] b) Retro-Diels-Alder reaction that proceeds only after ring-opening.[99] c) ROP of lactones 
catalyzed by the ring-open isomer of a DAE coupled NHC.[23b] 
A second way to accomplish modulated reactivity/catalytic activity using DAEs is to 
profit from the change between single and double bond character of one of the C-C bonds 
within the hexatriene/cyclohexadiene core. Thus, in specifically designed systems pericyclic 
reactions such as the (retro-)Diels-Alder reaction (Scheme 7b)[99-100] or the Bergmann 
cyclization[101] were demonstrated to proceed only in the DAE state which possesses a double 
bond in the right position. Furthermore, the reactivity of heterocyclic structures used as bridging 
moiety of the DAE scaffold can be modulated by changing the central C-C bond from a double 
bond in the ring-open isomer to a single bond in the ring-closed isomer. Thus, the Lewis acidity 
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1,3,2-dioxaborolane with exocyclic double bonds.[102] Likewise, the electrophilicity of an 
1,3-disubstituted imidazolium salt was demonstrated to increase when being transformed to an 
imidazolinium moiety after ring-closure.[103] In a series of reports the group of Bielawski 
recently demonstrated the modulation of reactivity and catalytic activity of a dimethyl 
substituted N-heterocyclic carbene (NHC) used as bridge of a DAE scaffold (Scheme 7c).[23a-d] 
Upon changing the backbone from a conjugated to the cross-conjugated structure the 
nucleophilicity/electron donating capability of the NHC is reduced. This effect was explored by 
using the photochromic NHC as switchable organocatalyst for transesterification reactions and 
the ring-opening polymerization (ROP) of lactones, as well as by using it as a ligand in a Rh 
metal complex allowing the photocontrol over hydroboration reactions. 
A very different approach for the photocontrol over chemical reactivity and catalysis 
consists in using DAEs as photoreversible inhibitors of biological receptors such as enzymes. 
Thereby, binding to the enzyme and with this the inhibition of its catalytic activity is modulated 










In the preceding chapter a picture of the huge versatility of DAEs as photochromic compounds 
has been drawn. Much is known about how to tune the photochemical properties of DAEs and 
work has been done on the multifunctional addressing of the isomerization reaction using UV 
light, triplet sensitizers, or electrochemistry. By utilizing geometric and in particular electronic 
changes occurring during the isomerization reaction, many potential applications for DAEs in 
various fields of natural sciences are conceivable. However, there are certain aspects of DAE 
photochromism that demand further understanding and tuning in order to successfully realize 
the exploitation of DAEs as remote-controllable building blocks in functional systems 
(Scheme 8).  
 
Scheme 8. Aspects of DAE photochromism to be tuned by structural design. 
 Photochromic efficiency. As described in sections 2.1.1 and 2.1.2, a lot of studies have 
been performed in order to understand spectral shifts, quantum yields, and the thermal 
stability of the ring-closed isomer. However, high quantum yields for ring-closure often 
go in line with inefficient ring-opening and are highly dependent on the solvent. To 
improve photochromic efficiency general concepts are needed to realize high quantum 
yields for ring-closure and ring-opening that are independent of the surrounding 
conditions. To retain high conversion to the ring-closed isomer in the PSS the spectral 
overlap between the isomers in the UV region has to be minimized. These problems are 
currently being addressed by the research projects of other coworkers in the Hecht 
group,[104] while always being a side aspect of this work. 
 Photochemical fatigue. The fatigue reaction of DAEs to the annulated isomer is well 




























in which more than just a few switching cycles are needed. Until the present day no 
quantification or systematic investigation of its dependency on structural parameters has 
been performed yet. The goal of this work is to precisely quantify by-product formation 
of DAEs and to find generally applicable strategies to improve their fatigue resistance, in 
particular for structures not possessing the perfluorocyclopentene bridge. 
 Electrochemical isomerization. The operation of DAEs by redox chemistry has been 
reported, but there is some dissent in the literature about the mechanisms (see Section 
2.1.4). Furthermore, nothing has been reported on potential fatigue reactions. Thus, 
during the electrochemical investigation of DAEs synthesized in this work, special 
attention shall be paid on this topic. By specific design of the DAE scaffold insights into 
the mechanism shall be gained. 
 Modulation of electronic levels. The literature shows that the photoinduced modulation of 
HOMO and LUMO levels is a unique and highly interesting property of DAEs. By 
structural variation a library of DAE structures shall be obtained, which covers a broad 
range of level energies, allowing for the precise tuning of electronic interactions with 
other compounds. Furthermore, structures shall be identified for which the shift in 
HOMO or LUMO energy during the isomerization reaction is maximal. An estimation on 
how much the electronic changes in the DAE core can be transduced to adjacent 
functional groups shall give hints for the optimal geometry and substitution pattern of 
functionalized DAEs. 
 
In this work structural variation of the DAE scaffold is achieved at four different sites 
(Scheme 9). As bridging moiety perhydrocyclopentene is chosen, which has the advantage over 
the perfluorinated analogue that it is an electron neutral substituent, thus not influencing the 
reactivity of other functional groups, facilitating electronic communication between the two 
hetaryl rings in the ring-closed isomer, and leading to significantly higher HOMO energies. 
Comparisons with perfluorocyclopentene and N-tert-butyl maleimide derivatives are made, the 
latter bridge motif having been extensively used in a diploma thesis preceeding this work.[75a] 
The nature of the hetaryl rings is varied by comparing standard dithienylethene switches 
with their thiazole analogues. It is known that thiazoles as hetaryl moieties impart higher 
thermal stability to the ring-closed isomer, however, nothing has been reported on the fatigue 
behavior or the electrochemical isomerization of dithiazolylethenes. Furthermore, the additional 
nitrogen in the heterocycle induces subtle changes in the electronic levels.  
A significant structural modification is made by replacing the methyl groups on the 
reactive carbon atoms with CF3 groups. Though this substitution pattern has been used 
previously in an inverse type dithiazolylethene,[105] nothing has been reported on its influence on 
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the photochemical properties, the fatigue resistance, and electrochemistry. A significant 
alteration of electronic levels is expected. 
Last but not least, substituents R2 are chosen to be substituted phenyl rings. This shall 
guarantee beneficial photochemical properties (high extinction coefficients, high quantum yield 
for ring-closure, lower quantum yield for ring-opening to obtain high conversions in the PSS), 
while modulation of the electronic properties is obtained by donor and acceptor substitution. By 
using strongly donating morpholino substituents instead of phenyl rings photochemical and 
electrochemical properties of dithiazolylethenes are dramatically altered. 
 
Scheme 9. Structural variation of the DAE scaffold in this work. 
Finally, the goal of this work is to exploit the electronic modulation occurring during the 
isomerization reaction of DAEs to remote-control functional systems, in particular organic 
electronic devices and an organocatalyst. The first concept, developed and conducted in 
collaboration with the group of Prof. Paolo Samorì, is based on implementing DAE switches 
into semiconducting matrices and let them act as photoswitchable trapping centers in transistor 
device geometries (see Section 2.2.2, Figure 8b). This shall be realized using both p-type and 
n-type semiconducting matrices and is achieved by fine tuning of the absolute HOMO/LUMO 
levels of the DAE compounds with respect to the semiconductor. Although theoretically 
predicted,[88] at the beginning of this work this had not been realized using DAEs as active 
compounds. 
Secondly, based on a structural motif developed in a diploma thesis preceding this 
work,[75a] the potential catalytic activity of a bicyclic guanidine used as bridging moiety of a 
DAE shall be modulated by changing the π-electronic system upon isomerization. Though 
recently photoswitchable catalysis using NHC, carbonyl, and imidazole moieties coupled to 
DAEs has been reported (see Section 2.2.3), at the beginning of this work there was no example 




























4. Results and Discussion 
4.1 Synthesis of all DAE derivatives 
4.1.1 General synthetic strategies 
The structures of all DAE compounds, which will be discussed in the later sections of this work, 
are collected in in Scheme 10 – Scheme 12. Their syntheses were accomplished following three 
common strategies and shall be described here in detail. Thereby the question why a specific 
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Scheme 11. DAE compounds bearing CF3 groups at the ring-closing carbons and related reference 
structures.  
 
Scheme 12. tert-Butyl, thioacetyl, and bicyclic guanidine functionalized DAEs. 
In the literature there are four established strategies for the synthesis of DAEs (Scheme 13).[106] 
The "classic" synthesis of DAEs bearing the perfluorocyclopentene bridge initially reported by 
Irie and coworkers[11b,18] consists of reacting a lithiated heterocyclic precursor with octafluoro-
cyclopentene 15 in an addition elimination mechanism (strategy A in Scheme 13). Thereby the 
symmetric photochromic core is assembled in one step or the reaction is conducted stepwise to 
access unsymmetrically substituted DAEs, i.e. possessing different substitution patterns on the 
left and right "arm". However, often the reaction is accompanied with unsatisfactory yields and 
it is restricted to substitution patterns insensitive to lithium organyls. Furthermore, the 
heterocyclic building blocks have to be preassembled, making the synthesis inflexible. Thus, 
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R1 = R2 = 3,5-(tBu)2:
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Scheme 13. Retrosynthetic pathways for the assembly of DAEs. 
A very versatile synthetic route initially proposed by the group of Feringa[19,107] consists 
of using 1,2-bisthienylcyclopentene and 1,2-bisthienylperfluorocyclopentene building blocks 
that bear chlorine groups at the outer α-positions of the thiophene rings, i.e. compounds 16, 17, 
and 18, respectively. These synthetic intermediates can easily be functionalized in the periphery 
by chlorine-lithium exchange, transformation into the boronic ester, and subsequent cross 
coupling with aryl halides (strategy B1 in Scheme 13). Using this flexible route, which also 
tolerates sensitive functional groups on the aryl halides, a number of differently substituted 
DAEs were prepared in this work. The synthesis of unsymmetrically substituted DAEs can be 
accomplished by stepwise lithiation, borylation, and cross coupling of the dichloro-
intermediates. However, it was found during this work that a reversal of the polarity in the cross 
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partners, can be advantageous (strategy B2). The bis-chlorinated perhydrocyclopentene 
intermediates 16 and 17 are available by Friedel-Crafts acylation of 2-chloro-5-
methylthiophenes 21 and 22 and subsequent McMurry coupling of the resulting 
1,5-diketones.[19a] The perfluorinated analogue 18 is obtained by lithiation of 3-bromo-5-chloro-
2-methylthiophene 23 and reaction with octafluorocyclopentene 15.[108] One drawback of 
strategies B1 and B2 is that only thiophene-containing DAEs can be prepared. In the case of 
perhydrocyclopentene derivatives the Friedel-Crafts acylation step does not work with thiazole 
heterocycles due to the nucleophilic nitrogen atom. Furthermore, a selective lithiation of 
thiazole in the 4-position and quenching with an electrophile while the 2-position is free or 
substituted with chlorine may be difficult due to occurring lithium shifts, halogen dance 
reactions, or nucleophilic attacks in the 2-position of the thiazole.[109] As a second drawback, the 
introduction of CF3 groups at the inner α-position of the thiophene rings is not feasible via these 
routes, because regioselectivity and reactivity in the Friedel-Crafts acylation would be strongly 
diminished, and the synthesis of halogenated, CF3 decorated heterocycles with low molecular 
mass turned out to be difficult due to their high volatility (see section 4.1.4). 
As a modification of strategies B1 and B2, in one case the Friedel-Crafts acylation and 
subsequent McMurry coupling have been performed on a preassembled thiophene building 
block to synthesize DAE structure 1f (strategy C). While strategy C cannot be followed in 
general due to poor regioselectivity of the Friedel-Crafts acylation when substituted thiophenes 
are used, in case of 1f this has been done to profit from the high yielding oxidative cross 
coupling between 2-methylthiophene and pentafluorobenzene.[110] 
In order to vary the bridging moiety, but also in cases where strategies A – C cannot be 
employed, e.g. in the presence of sensitive functional groups, when using thiazoles as 
heterocycles, or CF3 substitution at the ring-closing carbons, the assembly of the DAE structure 
by cross coupling between a dihalogenated bridging moiety and hetaryl boronic esters or 
stannanes has to be used (strategy D). In particular, cross couplings on 1,2-dibromo-
cyclopentene 24,[26c] 1,2-dichloroperfluorocyclopentene 25,[111] 3,4-dibromo-N-tert-
butylmaleimide 26,[75,112] and Cbz protected 8,9-dibromo-1,5,7-triazabicyclo[4.3.0]-nona-6,8-
diene 27[75a] have been performed in this work. The heteroaromatic organoboron and organotin 
precursors can be synthesized using lithiation reactions. For obtaining boronic esters the Pd 
catalyzed Miyaura borylation[113] can also be used in cases where organolithium intermediates 
are not accessible.  
In general, the cross coupling approach is extremely flexible as the photoresponsive 
hexatriene system is assembled in one step and the hetaryl moieties as well as the bridging unit 
can easily be exchanged. Furthermore, it is highly tolerant to sensitive functional groups on the 
building blocks. However, drawbacks of the cross coupling strategy are the need for 
preassembling the heterocyclic building blocks, which makes it inflexible in terms of 
4.1 Synthesis of all DAE derivatives 
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substitution in the periphery of the DAE, and the notorious sensitivity of heterocyclic boronic 
acids and esters against protodeboronation,[114] significantly lowering the reaction yields and 
making purification difficult. Though unsymmetrical substitution can be achieved by 
conducting the two cross coupling reactions stepwise, in case of symmetrical bridges the first 
step is a statistical reaction associated with lowered yields and purification problems. 
In the following sections details on the synthethic procedures following strategies B1/B2 
and D are given.3  
4.1.2 Syntheses via post-functionalization (routes B1 and B2) 
For obtaining dithienylperhydrocyclopentene derivatives the route established by the group of 
Feringa was followed.[19] The dichloro-substituted intermediate 16 was treated with two 
equivalents of n-BuLi and subsequently quenched with tri-n-butylborate to yield the bis(dibutyl 
borate), which in situ was reacted with an excess of the aryl bromide under conventional Suzuki 
coupling conditions (Scheme 14). In most cases UPLC analysis of the crude reaction mixture 
revealed good conversion to the desired product. However, often the isolated yields were 
significantly diminished, as usually several column chromatographic separations from by-
products had to be performed. A by-product that was observed in all cases, yet in varying 
amounts, was the monocoupled species, which was hydrolyzed on the second thiophene ring. 
As during the halogen-metal exchange dry THF was used as solvent, this hints to 
protodeboronation reactions of the boronic ester under the aqueous Suzuki conditions.  
 
Scheme 14. Synthesis of dithienylperhydrocyclopentenes following the procedure of Feringa et al.[19a] 
In order to start the Suzuki coupling from a defined species and to use different 
conditions, eventually preventing protodeboronation reactions, the bis(pinacol boronate) 29 was 
isolated (Scheme 15). According to conditions reported by Buchwald and coworkers,[115] the 
Suzuki coupling was performed without the addition of water using Pd(OAc)2 together with the 
                                                 
3 Details on the synthesis of compounds 1f and 6c will not be reported in this work. The synthesis of 1f 
via strategy C was conducted by Dr. Bernd Schmidt and can be found in: M. Herder et al,. J. Am. Chem. 
Soc. 2015, 137, 2738-2747. Synthesis of 6c via the intermediates 17, 20, and 22 was conducted by Jutta 
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SPhos ligand as catalyst, solid K3PO4 as base and toluene as solvent. Thereby, the solvent was 
intentionally used without employing any drying procedures, as it is believed that trace amounts 
of water are needed to activate boronic esters for cross coupling.4 However, in case of 
compound 13a the yield was again diminished by the chromatographic separation of the highly 
unpolar compound from unpolar by-products resulting from protodeboronation. In case of 
compound 1b, the bis(pinacol boronate) 29 was reacted with only one equivalent of 
4-bromoanisole, as initially the monocoupling was intended. However, only the hydrolyzed 
monocoupled species could be isolated besides 9% of the biscoupled species 1b. 
 
Scheme 15. Synthesis of dithienylperhydrocyclopentenes via the isolated bis(pinacol boronate) 29. 
For synthesizing dithienylperfluorocyclopentenes the dichlorinated intermediate 18 was 
obtained from the lithiation of 3-bromo-5-chloro-2-methylthiophene 23 via halogen-metal 
exchange and reaction with octafluorocyclopentene 15.[108] Subsequent treatment of 18 
according to the in situ lithiation/borylation/cross coupling protocol applied to the 
perhydrocyclopentene derivatives was not successful. Thus, the bis(pinacol boronate) 31 was 
isolated (Scheme 16). Thereby, it proved to be essential to perform the halogen-lithium 
exchange in diethyl ether instead of THF to avoid decomposition reactions. Furthermore, the 
bis(pinacol boronate) 31 seemed to be much less stable than the perhydrocyclopentene 
analogue 29, as slow decomposition was observed during the workup in the presence of water 
and during TLC analysis. However, by coupling of compound 31 using the Buchwald 
                                                 
4 The role of water and the nature of the active species during the Suzuki coupling are under debate.[116] In 
case of free boronic acids RB(OH)2 a recent study[117] indicates that it is the neutral form, which 
undergoes transmetalation to an oxo-palladium intermediate [L2Pd(Ar)(OH)] (L = ligand, Ar = aryl) that 
is formed after oxidative addition of ArX (X = halogen) and substitution of X- with OH-. Transmetalation 
of the base activated boronate RB(OH)3- on [L2Pd(Ar)(X)] is shown to be much slower. However, in both 
cases trace amounts of water would be needed to generate the OH- ion. Note that for free boronic acids 
also fully anhydrous conditions have been applied.[118]  
Importantly, no mechanistic studies have been performed on boronic esters regarding the question if they 
have to get (partially) hydrolyzed by water or if they can be activated directly in order to undergo 
transmetalation. In fact, in the literature Suzuki couplings employing boronic esters always are conducted 
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conditions with p-tolylbromide and 3,5-bis(pentafluorosulfanyl)bromobenzene, respectively, 
DAEs 2c and 2j could successfully be isolated. 
 
Scheme 16. Synthesis of dithienylperfluorocyclopentenes via the isolated bis(pinacol boronate) 31. 
Synthesis of unsymmetrically substituted DAEs 
In principle, unsymmetrically substituted DAEs are easily accessible via the 
postfunctionalization route, as the dichlorinated intermediate 16 can selectively be mono-
lithiated using only one equivalent of n-BuLi and the subsequent Suzuki coupling proceeds only 
on the added aryl bromide. Thus, monocoupled compounds 32 and 33 were obtained in 
satisfactory yields (Scheme 17). However, in both cases halogen metal exchange on the second 
thiophene ring was hindered by the presence of the aryl moiety. In case of the p-methoxyphenyl 
substituted DAE 32 it was noted earlier that two equivalents of n-BuLi were needed to achieve 
substitution of the chlorine group. After cross coupling with 3,5-bis(trifluoromethyl)-
bromobenzene two products were obtained which showed an UV-induced coloration reaction. 
As the separation of the two products was not successful using conventional column 
chromatography due to very similar Rf-values, preparative GPC had to be used. By NMR 
spectroscopy and UPLC/MS the products were assigned to the desired DAE 5b and the 
analogous compound 5x substituted with an additional 3,5-bis(trifluoromethyl)phenyl group in 
ortho position to the methoxy group. Thus, it is the ortho lithiation of compound 32 which 
hinders efficient access to unsymmetrically substituted DAEs of this type. 
Turning around the order of the coupling steps was not possible, as lithiation of 
compound 33 employing n-BuLi or tert-BuLi and subsequent quenching with different 
trialkylborates or the much more reactive tributyltin chloride mainly resulted in decomposition 
of the starting material. This might be due to nucleophilic attack of the organolithium species on 
the highly electron poor 3,5-bis(trifluoromethyl)phenylthiophene scaffold, as also observed with 
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Scheme 17. Synthesis of unsymmetrically substituted DAEs via stepwise lithiation, borylation, and cross 
coupling. 
 
Scheme 18. Synthesis of unsymmetrically substituted DAE via cross coupling with inverse polarity in the 
second step. 
In order to access unsymmetrically substituted DAEs from intermediate 33, the polarity 
of the cross coupling reaction was changed (Scheme 18). Using the Pd(OAc)2/SPhos catalyst 
and K3PO4 as base the α-chlorinated thiophene can serve as aryl halide in couplings with 
arylboronic acids or esters. Thus, DAEs 5a and 5k5 were obtained by reaction with the pinacol 
                                                 
5 Compound 5k was synthesized by Anna Grafl in a Bachelor thesis. 
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boronates 34 and 35 derived from 4-bromo-N,N-dimethylaniline and 2-(4-bromo-
phenyl)-4,6-diphenyltriazine 36, respectively. Due to sensitivity of the triazine ring against 
nucleophilic attack, pinacol boronate 35 could not be prepared by halogen metal exchange, but a 
Pd-catalyzed borylation reaction analogous to the Miyaura borylation had to be used. 
Compound 35 could be isolated only in a mixture with minor amounts of the starting 
material 36. However, it was used in excess for the subsequent Suzuki coupling. 
In contrast to the above mentioned examples, the stepwise lithiation/cross coupling 
protocol worked when inert 3,5-bis(tert-butyl)bromobenzene was used as coupling partner in 
the first step, yielding intermediate 37 (Scheme 19). The second lithiation/cross coupling with 
3-bromoiodobenzene and 4-bromoiodobenzene afforded the isomeric DAEs 38 and 39. These 
were converted to the acetyl protected thiols 13b6 and 13c by two different protocols: In case of 
para substitution of the phenyl ring, halogen metal exchange using n-BuLi, quenching with 
elemental sulfur and in-situ protection with acetyl chloride[83] afforded 13c. For the meta 
substituted derivative 13b a Pd-catalyzed thioacetylation[120] of the bromophenyl moiety was 
conducted. In both cases satisfactory conversions to the desired products were obtained. 
However, purification by column chromatography decreased the yields due to unwanted 
deprotection and oxidation of the thiol groups. 
 
Scheme 19. Synthesis of unsymmetrically thioacetyl substituted DAEs. 
  
                                                 
6 Compound 13b was synthesized by Jana Hildebrandt. 
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4.1.3 Syntheses via cross coupling with dihalogenated bridges (route D) 
Cross couplings with 1,2-dibromocyclopentene 
In a diploma thesis preceding this work[75a] compound 3d was synthesized by preassembly of 
the thiazole building block 41 via high yielding Hantzsch thiazole synthesis starting from 
thiobenzamide and 2-bromopropionaldehyde diethyl acetal 40, direct metallation of 41 in the 
4-position of the thiazole using tert-BuLi, quantitative conversion to the corresponding pinacol 
boronic ester 42, and finally Suzuki cross coupling with 1,2-dibromocyclopentene 24 
(Scheme 20, entry 1 of Table 1). For the last step it was noted that the reactivity of 
1,2-dibromocyclopentene 24 in cross coupling reactions is poor and that using standard Suzuki 
coupling conditions, i.e. Pd(PPh3)4 or PdCl2(dppf) as palladium source and aqueous Na2CO3 as 
base, did not lead to the formation of the desired product. Thus, "anhydrous" conditions were 
applied using DMF as solvent, PdCl2(PPh3)2 as palladium source, and Cs2CO3 as base without 
the addition of water, which allowed for the isolation of 3d in 55% yield.[75a] 
 
Scheme 20. Hantzsch thiazole synthesis and cross coupling with 1,2-dibromocyclopentene 24 to obtain 
dithiazolylethene 3d.[75a] 
While trying to synthesize larger quantities of DAE 3d the cross coupling reaction 
under these conditions proved to be highly unreliable. In several trials the parent thiazole 41 
was the only reaction product that could be detected by TLC or UPLC/MS, indicating 
quantitative protodeboronation of the pinacol boronate 42 (Table 1, entry 2). Changing the 
solvent to THF and using solid Na2CO3 as base led to the formation of only small amounts of 
the desired DAE 3d (7% isolated yield) besides the monocoupled compound 43 (36% isolated 
yield) and the parent thiazole 41 as major products (entry 3). The monocoupled species 43 was 
again subjected to the cross coupling using the initial DMF/PdCl2(PPh3)2/Cs2CO3 reaction 
conditions (entry 4). This time good conversion to DAE 3d was observed and it was isolated in 
45% yield. However, also the protodeboronation product and homocoupling of the thiazole to 
compound 44 were observed. Other conditions for the Suzuki reaction were also tested, i.e. the 
PdCl2(PPh3)2/Cs2CO3 system using microwave irradiation (entry 5) as well as the 
Pd(OAc)2/SPhos/K3PO4 system in an intended monocoupling to 43 (entry 6), which both led to 
the formation of the desired products. In particular the latter Buchwald conditions promised to 
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using these conditions to directly access 3d in one step again the protodeboronated thiazole 41 
was the only reaction product (entry 7).  




Main products detected by 
TLC or UPLC  
(isolated yields in brackets) 
1[75a] 24 + 3 eq. 42 PdCl2(PPh3)2, Cs2CO3, (DMF), 100 °C, 24 h 
3d (55%) 
2 24 + 3 eq. 42 PdCl2(PPh3)2, Cs2CO3, (DMF), 100 °C, 24 h 
only 41 
3 24 + 3 eq. 42 PdCl2(PPh3)2, Na2CO3, (THF), 80 °C, 20 h 
3d (7%), 41, 43 (36%) 
4 43 + 2 eq. 42 PdCl2(PPh3)2, Cs2CO3, (DMF), 100 °C, 20 h 
3d (45%), 41, 43, 44 
5 24 + 3 eq. 42 PdCl2(PPh3)2, Cs2CO3, (DMF/toluene), 110 °C, 20 min, microwave 
3d (14%), 41, 44 
6 3 eq. 24 + 42 Pd(OAc)2, SPhos, K3PO4, (toluene), 16 h, 100 °C 
43 (61%), 3d, 44 
7 24 + 3 eq. 42 Pd(OAc)2, SPhos, K3PO4, (toluene), 24 h, 90 °C 
only 41 
   
 
All in all, the observed irreproducibility of the cross coupling indicates that there is an 
aspect of the reaction conditions that was not precisely controlled. As in all cases thiazole 41 
was observed as reaction product in varying amounts up to quantitative conversion, it seems that 
thiazolylboronate 42 is highly sensitive under cross coupling conditions and that the rate of 
protodeboronation is a crucial factor for the success of the reaction.7 The rate will strongly 
depend on the water content in the reaction mixture, which indeed was not precisely controlled 
in the described examples. Note that though "anhydrous" conditions were employed by avoiding 
the use of aqueous base, intentionally no excessive drying of the solvents and the carbonate or 
phosphate salts was conducted, as it is generally believed that trace amounts of water are 
necessary to activate boronate esters for the Suzuki reaction. In parallel experiments trying to 
cross couple pinacol boronate 42 with the bicyclic bridge 27 it was found that adding a defined 
amount of water to the reaction mixture improves conversion to the desired product (vide infra). 
                                                 
7 Though acid catalyzed protodeboronation of free boronic acids is well known[121] and it was noted early 
that sterically hindered boronic acids protodeboronate under Suzuki coupling conditions,[122] only recently 
systematic studies on this reaction were undertaken.[123] However, only one study was found on the 
stability of boronic esters under basic conditions[124] and nothing is known on the interplay between their 
hydrolysis, transmetalation, and competing protodeboronation in a Suzuki coupling in the presence of 
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As an alternative to the precarious Suzuki cross coupling on 1,2-dibromocyclopentene 
24 the Stille reaction starting from stable thiazol-4-yl stannanes has been used previously for the 
synthesis of DAE 3d as well as for DAE 12.[75a] In the latter case morpholinothiazole 46, 
obtained via Hantzsch thiazole synthesis, was metallated using tert-BuLi and converted to the 
tributylstannane 47, which then was coupled to give DAE 12 in 6% isolated yield (Scheme 21). 
The low yield resulted from side reactions and purification issues typical for Stille cross 
couplings, as the thiazolylstannane underwent homocoupling and it was difficult to eliminate 
organotin residues from the final product. 
 
Scheme 21. Synthesis of 12 via Stille cross coupling.[75a] 
 
Scheme 22. Unsuccessful direct metalation of thiazole precursor 49 and synthesis of 3i via halogen metal 
exchange on 51, stannylation and Stille cross coupling. 
Also for the synthesis of DAE 3i a final Stille cross coupling on 
1,2-dibromocyclopentene 24 was employed (Scheme 22). For the assembly of the thiazole 
building block, 2-bromo-5-methylthiazole 48, obtained from commercially available 2-amino-5-
methylthiazole by a Sandmeyer reaction, was converted to an organozinc intermediate by 
insertion of elemental zinc into the 2-position,[125] in situ followed by Negishi cross coupling 
with 3,5-bis(trifluoromethyl)bromobenzene to yield thiazole 49 in good yields. Unfortunately, 
lithiation of 49 using n-BuLi or LDA resulted in decomposition of the starting material, 
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deficient 2-position of the thiazole ring. Additionally a poor regioselectivity of proton 
abstraction on 49 would be expected. Thus, the 4-position of the thiazole had to be substituted 
with bromine in order to conduct a selective halogen metal exchange. This is done by 
bromination of the precursor 48 to 2,4-dibromo-5-methylthiazole 50 and subsequent 
regioselective zincation and in-situ Negishi cross coupling to yield bromothiazole 51. 
Importantly, the halogen metal exchange on 51 using n-BuLi could only be accomplished 
at -100 °C. At slightly higher temperatures, i.e. at -80 °C, the lithiated intermediate started to 
decompose. This is the reason why 51 could only be converted to the organostannane 52 by 
quenching with tributyltin chloride, which is able to react at these low temperatures in contrast 
to boronation agents such as isopropoxy pinacol borate. Finally, Stille cross coupling with 
1,2-dibromocyclopentene 24 yielded DAE 3i in 28% yield. 
Cross couplings with 1,2-dichlorohexafluorocyclopentene 
 
Scheme 23. Functionalization of thiophene and thiazole precursors via in situ Miyaura borylation and 
Suzuki cross coupling. 
For the synthesis of the diarylperfluorocyclopentenes 2i and 4i the strategy of performing 
Suzuki cross coupling on 1,2-dichlorohexafluorocyclopentene 25, recently reported by 
Shinokubo and coworkers,[111] was employed. It has the advantages that compound 25 is much 
cheaper and easier to handle than octafluorocyclopentene 15 and that organolithium 
intermediates may be avoided, which especially proved to be important in the handling of the 
thiazole building block 51 (vide supra). Though Shinokubo and coworkers optimized the 
reaction starting from pre-synthesized boronic acids and esters by using bulky ligands on the 
catalyst, such as XPhos and PCy3, the coupling reaction was attempted using an in situ 
Pd-catalyzed borylation and Suzuki coupling protocol (Scheme 23). Thus, starting from 
thiophene and thiazole precursors 54 and 51, respectively, the boronation was conducted using 
pinacol borane (HBpin), triethylamine and PdCl2(PPh3)2 as catalyst.[113b] After confirming the 
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aqueous Na2CO3, before 1,2-dichlorohexafluorocyclopentene 25 was added together with 
Pd(PPh3)4 to conduct the Suzuki coupling. It seems to be necessary to add fresh Pd-catalyst for 
the second step, because at the end of the boronation reaction usually a black precipitate forms 
indicative of decomposition of the catalytically active Pd-complex.8  
Thiophene precursor 54 was synthesized by selective halogen-metal exchange in the 
2-position of 2,4-dibromo-5-methylthiophene 53, in situ boronation, and cross coupling with 
3,5-bis(trifluoromethyl)bromobenzene. As expected, the latter is much more reactive in the 
cross coupling than the thiophene itself at its 4-position. 
Cross couplings with 3,4-dibromo-N-tert-butylmaleimide 
 
Scheme 24. Synthesis of dithiazolylmaleimides via Stille cross coupling[75a] and in situ Miyaura 
borylation/Suzuki cross coupling. 
In a diploma thesis preceding this work[75a] a number of cross couplings on 3,4-dibromo-N-tert-
butylmaleimide 26 were performed using Suzuki as well as Stille protocols, e.g. for the 
synthesis of DAE 11a from thiazolylstannane 47 (Scheme 24). Using thiazolylstannane 52 also 
a Stille reaction was performed in order to synthesize DAE 7i. However, the crude product 
could not be purified from organotin residues. Thus, for obtaining DAE 7i from bromothiazole 
51 the in situ borylation/Suzuki cross coupling protocol described above was applied and 7i 





                                                 
8 In principle, it is possible that formed Pd-nanoparticles actually are the catalytically active species, as 
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Cross couplings with bicyclic bridge 27 
The synthesis of the dibrominated bicyclic bridge 27, consisting of alkylation of 
tribromoimidazole 55 and a subsequent copper catalyzed intramolecular amidation reaction was 
described before (Scheme 25).[75a] Thereby, the usage of Cbz as protection group was essential 
as it ensures reactivity in the intramolecular coupling and the compound analogous to 27 
bearing a Boc protection group was difficult to purify. Furthermore, clean acidic deprotection of 
the final DAE could not be achieved due to side reactions.  
In the diploma thesis[75a] Suzuki cross coupling of 27 with pinacol boronate 42 was 
performed yielding the Cbz protected DAE 61. However, as already experienced during 
synthesis of dithiazolylcyclopentene 3d (vide supra), the Suzuki cross coupling using boronate 
42 was not reproducible and in a second attempt only 6% of the desired DAE besides 24% of a 
monocoupled species 629 could be isolated (Table 2, entry 1). By UPLC/MS analysis of the 
crude reaction mixture mainly protodeboronation of boronate 42 and homocoupling to 
dithiazole 44 was detected. As the dibrominated bridge 27 was completely consumed it seems 
that the first coupling step to the monocoupled species 62 proceeds fast while the second 
coupling is significantly slower, thus competing with the degradation of the boronic ester. 
 
 
Scheme 25. Synthesis of dibrominated triazabicyclononadiene 27 and its Suzuki cross coupling to 61[75a] 
as well as synthesis of diiodinated triazabicyclononadiene 60. 
 
                                                 
9 Due to electronic reasons Suzuki cross coupling on N-substituted 4,5-dihalogenated imidazoles should 
proceed in the 5-position first, which has also been observed in the literature.[126] It is assumed that 
monocoupled compound 62 has the according structure. However, no clear structural proof could be 
obtained by NMR spectroscopy. By UPLC/MS analysis of the crude reaction mixture two isomers with a 
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Table 2. Employed conditions for the cross coupling of pinacol boronate 42 and dibrominated bridge 27. 
 
Entry Conditions Product distribution
a,b 
61 62c 41 44 42 




(24%) 47% 17% - 
2 3 eq. 42 + 27 Pd(OAc)2, SPhos, K3PO4, toluene, 90 °C, 16 h 
15% 21% 53% 11% - 
3 3 eq. 42 + 27 Pd(OAc)2, SPhos, K3PO4, toluene (dry), 100 °C, 16 h 
29% 23% 32% 15% - 
4 3 eq. 42 + 27 Pd(OAc)2, SPhos, K3PO4 (dry), toluene (dry), 100 °C, 16 h 
6% 16% 13% 7% 59% 
5 3 eq. 42 + 27 + 3 eq. H2O Pd(OAc)2, SPhos, K3PO4 (dry), toluene (dry), 100 °C, 16 h 
65% 
(45%) - 23% 13% - 
6 3 eq. 42 + 27 Pd(PPh3)4, K3PO4, dioxane, microwave, 30 min, 110 °C 
28% 
(25%) 35% 23% 13% - 
7 3 eq. 42 + 27 Pd(PPh3)4, K3PO4 (dry), dioxane, microwave, 15 min, 110 °C 
55% 13% 20% 13% - 
8 3 eq. 42 + 27 Pd(PPh3)4, K3PO4 (dry), toluene (dry), microwave, 15 min, 110 °C 
38% 13% 11% 7% 31% 
a Obtained from UPLC/MS analysis of the crude reaction mixtures. Relative integrals of the major peaks in the diode 
array detector trace are given. 
b Values in brackets give isolated yields after work up and purification by column chromatography. 
c Sum of both regioisomers. 
 
In order to optimize the conditions for a double Suzuki coupling on bridge 27 phenyl 
boronic acid was used as a test substrate and a number of different reaction conditions varying 
the catalyst, base, and solvent were screened (Table 3). During most reactions mainly the 
monocoupled species 65 was formed while only small amounts of the biscoupled compound 64 
were present. Importantly, using the Pd(OAc)2/SPhos/K3PO4 system in toluene (Table 3, 
entry 6) or Pd(PPh3)4/K3PO4 in dioxane under microwave irradiation (Table 3, entry 7) gave 
high conversion to the desired product and only minor amounts of the monocoupled species 
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Table 3. Optimization of conditions for Suzuki cross coupling on dibrominated bridge 27. 
 
Entry Conditions Product distribution
a,b 
64 65 27 
1 PdCl2(PPh3)2, Cs2CO3, (DMF), 100 °C, 3 h 12% 44% - 
2 PdCl2(PPh3)2, Cs2CO3, (DMF), 100 °C, 20 h 16% 28% - 
3 Pd(PPh3)4, Na2CO3 (DMF/H2O), 100 °C, 20 h 
10% 30% - 
4 PdCl2(PPh3)2, CsF, Et3BnNCl, (toluene/H2O 1:1), 60 °C, 24 h 
17% 34% - 
5 Pd/C, Na2CO3 (EtOH/H2O 1:1), 100 °C, 4 h 
6% 21% 43% 
6 Pd(OAc), SPhos, K3PO4 (toluene), 100 °C, 20 h 
84% 
(66%) 2% - 
7 Pd(PPh3)4, K3PO4, (dioxane), microwave, 110 °C, 30 min 82% 3% - 
8 PdCl2(PPh3)2, Cs2CO3, (DMF), microwave, 110 °C, 30 min -
c -c -c 
a Obtained from UPLC/MS analysis of the crude reaction mixtures. Relative integrals of 
peaks in the diode array detector trace are given, normalized to the total integral of all 
peaks in the chromatogram. 
b Values in brackets give isolated yields after work up and purification by column 
chromatography. 
c Complete decomposition. 
 
Consequently, both reaction protocols that were identified to promote the second 
coupling step were applied to the reaction of 27 with thiazolyl pinacol boronate 42 (Table 2, 
entries 1 and 6). In both reactions conversion to the desired DAE 61 was detected, however, still 
significant amounts of the monocoupled species 62 as well as the protodeboronated thiazole 41 
were formed. To investigate the role of trace amounts of water in the reaction mixture, efforts 
were made to dry the solvent and the solid base.10 Using the anhydrous solvent while taking 
K3PO4 from the bench the conversion to the desired DAE increased but still large amounts of 
monocoupled species and deboronated thiazole were formed (entry 3). By using both anhydrous 
solvent and K3PO4 the conversion to the DAE and to the monocoupled species significantly 
dropped and large amounts of the starting material 42 were detected in the reaction mixture 
(entry 4). Reactions performed using the microwave based protocol gave a similar trend 
(entries 6 and 7). This finding indicates that water is needed in the reaction mixture to activate 
the boronic ester. Remarkably, using anhydrous toluene and K3PO4 and then adding to the 
reaction mixture one equivalent of water per boronic ester gave excellent conversion to the 
                                                 
10 Pre-dried toluene was stored over activated molecular sieves (4 Å) for three days resulting in a residual 
water content below 10 ppm, as determined by Karl Fischer titration. K3PO4 was kept at 160 °C under 
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biscoupled DAE while no monocoupled compound and only small amounts of the deboronated 
thiazole were detected (entry 5). With this method DAE 61 could be isolated in 45% yield. 
As a second approach to improve the Suzuki coupling step the diiodinated bridge 
building block 60 was synthesized starting from triiodoimidazole 56 and following the same 
strategy that was used for the dibrominated analogue 27 (Scheme 25). However, as the reaction 
with guanidine 27 could finally be accomplished with satisfying yields by controlling the water 
content of the reaction mixture, no further investigations into the reactivity of compound 60 
were conducted. 
The final cleavage of the Cbz group of compound 61 to yield the free bicyclic guanidine 
substituted DAE 14 was not straight forward. First, hydrogenation in the presence of palladium 
on charcoal in an autoclave at 20 bar pressure was attempted. While after 24 h ca. 30% of the 
starting material was converted to DAE 14, a further increase of the reaction time, the addition 
of more catalyst, or the use of a different solvent did not lead to completion of the reaction. 
Secondly, cleavage of the carbamate using trimethylsilyliodide (TMSI)[127] was tested. The 
starting material was rapidly consumed but a number of by-products were formed along with 
the desired compound 14. Eventually, transfer hydrogenation using excess ammonium formate 
in the presence of 10 mol% Pd/C,[128] either performed in the microwave or in a flask put into a 
preheated oil bath, led to the selective and almost quantitative cleavage of the Cbz group. After 
workup and column chromatography DAE 14 was obtained in 77% yield. Note that during the 
chromatographic purification some material was lost due to adsorption on the silica gel. 
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4.1.4 Synthesis of α-trifluoromethylated DAEs 
The central step in the synthesis of α-CF3 substituted DAEs is the conversion of halogenated 
thiazole or thiophene precursors to the trifluoromethylated analogues. Though since the late 
1960s copper mediated trifluoromethylation of iodoarenes has been known,[129] highly effective, 
functional group tolerant and cheap trifluoromethylation procedures have been developed only 
very recently.[130] The vast majority of reports are based on the use of Cu(I) to form a "CuCF3" 
intermediate that is able to transfer the CF3 group onto the arene. It has been noted that the 
chemistry of "CuCF3" in solution is very complex, tending to form higher perfluoroalky-copper 
homologues such as "CuCF2CF3" and to decompose at higher temperatures.[131] Thus the 
stabilization of the "CuCF3" species by the solvent or ligands is essential to successfully conduct 
the desired reaction. CF3 sources may be cheap trifluoroacetate salts,[132] CF3I and CF3Br,[129] or 
FSO2CF2CO2Me,[133] the latter efficiently forming "CuCF3" upon decarboxylation. However, 
because of harsh conditions needed (CF3COONa), their difficult handling (CF3I), or high costs 
(FSO2CF2CO2Me) most modern procedures employ trifluoromethyltrimethylsilane (TMSCF3, 
"Ruppert's reagent") to transfer the CF3 group onto the metal complex.[130] In particular, a 
protocol initially developed by Urata and Fuchikami in 1991[134] using CuI in combination with 
TMSCF3 and stabilizing the "CuCF3" species by using excess KF and a 1:1 mixture of 
DMF/NMP as solvent proved to be highly efficient for trifluoromethylation of activated 
iodoarenes. A recent milestone in trifluoromethylation chemistry was laid in 2011 by Hartwig 
and coworkers[135] in synthesizing a [(phen)CuCF3] (phen = 1,10-phenanthroline) complex, one 
of the few structurally well-defined "CuCF3" complexes. It is capable of trifluoromethylating 
also unactivated iodoarenes and activated bromoarenes in almost quantitative yields while 
tolerating a very broad range of functional groups. Drawbacks of these and many other 
trifluoromethylation protocols are the need for iodo substituents on the arene and the use of 
stoichiometric amounts of copper. However, procedures catalytic in Cu or Pd as well as starting 
from arylboronic esters have been described recently.[136] Note that most trifluoromethylation 
reactions found in the literature were performed on benzene derivatives while only few 
examples on heteroaromatic compounds such as thiophene have been reported.[130] 
In order to synthesize the desired α-halogenated hetaryl precursor a Hantzsch thiazole 
synthesis was conducted using morpholinothioamide 45 and 2-bromoacetaldehyd diethylacetal 
to yield the unsubstituted 2-morpholinothiazole 66 (Scheme 27a). Subsequent bromination gave 
bromothiazole 67, which was used in first trials to introduce the CF3 group. After reactions 
using CF3COONa[132] and FSO2CF2CO2Me[133] as CF3 sources failed, trifluoromethylation was 
accomplished using the protocol by Urata and Fuchikami.[134] However, trifluoromethylated 
thiazole 69 could not be obtained pure, as higher perfluoroalkyl homologues, mainly the C2F5 
substituted compound, were formed as inseparable by-products. Probably by-product formation 
was due to the long reaction times and slightly elevated temperatures needed for the reaction to 
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proceed on electron-rich bromothiazole 67. Consequently, iodothiazole 68 was prepared and its 
trifluoromethylation was accomplished without forming higher perfluoroalkyl by-products. 
However, the yield of 69 was only 36%, as a significant portion of the starting material reacted 
in an Ullmann coupling to the 5,5'-dithiazole or was deiodinated. Trifluoromethylated  thiazole 
69 could be lithiated in the 4-position using tert-BuLi and converted to the tributylstannane 70. 
 
Scheme 27. a) Synthesis of α-trifluoromethylated morpholinothiazole 68 and corresponding stannane 70. 
b) Cross coupling to symmetrical substituted DAE 11b as well as unsymmetrical substituted DAE 11c. 
The Stille cross coupling between dibromomaleimide 26 and stannane 70 was 
performed using standard conditions yielding the symmetrically α-trifluoromethylated DAE 11b 
in 29% yield (Scheme 27b). Formation of the homocoupled dithiazole and purification problems 
regarding organotin residues diminished the yield of the reaction. In order to synthesize DAE 
11c, which is unsymmetrically substituted with a CH3 group on one morpholinothiazole and a 
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and CH3-thiazolylstanne 47 were reacted to yield the monocoupled DAE 71. However, though 
dibromomaleimide 26 was used in excess, the main product of this cross coupling was the 
symmetrical DAE 11a, indicating that the second coupling step is significantly faster than the 
first. Unfortunately, by isolating 71 and performing the second coupling with CF3-
thiazolylstannane 70 the desired DAE 11c could not be isolated. UPLC/MS analysis of the 
reaction mixture showed that monocoupled DAE 71 was quantitatively debrominated during the 
reaction. In a second attempt to synthesize DAE 11c the two stannanes 47 and 70 were mixed in 
a 1:1 ratio and reacted in a statistical reaction with 0.8 equivalents of dibromomaleimide 26. 
Unsurprisingly, UPLC/MS analysis of the reaction mixture revealed that the main product was 
the symmetrically CH3-substituted DAE 11a besides smaller amounts of the monocoupled DAE 
71. However, while no traces of the symmetrical CF3 substituted DAE 11b were formed, a small 
amount of unsymmetrical DAE 11c was detected. Eventually, DAE 11c could be isolated from 
the reaction mixture in 3% yield. The outcome of this reaction demonstrates the strong influence 
of the CF3 group on the nucleophilicity and thereby the reactivity of the thiazolylstannanes. 
The synthesis of α-trifluoromethylated DAEs was also attempted in the 
2-phenylthiazole series. For this purpose Hantzsch thiazole synthesis was conducted to form 
2-phenylthiazole 72. Iodination in the 5-position was easily accomplished using n-BuLi and 
iodine giving iodothiazole 73 in good yield. As the trifluoromethylation procedure by Urata and 
Fuchikami gave only modest yields in case of the morpholinothiazole series, the protocol by 
Hartwig and coworkers,[135] published at the same time when these experiments were conducted, 
was applied. Thus, generating the reactive [(phen)CuCF3] complex in situ, iodothiazole 73 was 
converted in 77% yield to the trifluoromethylated analogue 74, which proved the applicability 
of the [(phen)CuCF3] "trifluoromethylator" to 5-membered heteroaromatic compounds. 
However, attempts to scale up the reaction from the 0.5 mmol scale, as reported in the study by 
Hartwig and coworkers, failed. Performing the reaction on a 1 mmol scale drastically reduced 
the yield to ca. 30%, while reactions on an even larger scale failed completely, which reveals a 
sincere limitation of this procedure. Interestingly, CF3-thiazole 74 could not be lithiated by 
proton abstraction using tert-BuLi like the 2-morpholino analogue 69 and the non-
trifluoromethylated 5-methyl-2-phenylthiazole 42 (vide supra). The starting material 
decomposed during the reaction. This hints to a nucleophilic attack of tert-BuLi at the electron 
deficient 2-position of the thiazole ring, activated by the CF3 group. On the other hand, the CF3 
group facilitates proton abstraction using LDA as base and subsequent transformation to the 
tributylstannane 78 could be achieved. Nevertheless, during the reaction still some 
decomposition of the starting material was detected, making a column chromatographic 
purification mandatory and resulting in the only moderate yield of 68%. 
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Scheme 28. Synthesis of α-trifluoromethylated thiazoles 74 and 77 and conversion to corresponding 
stannane 78. 
To improve the stannylation step it was envisioned to implement a bromo substituent in 
the 4-position of the thiazole to allow for lithiation via halogen-metal exchange which can be 
conducted at significantly lower temperatures than the proton abstraction with LDA. 
Furthermore, bromo substitution allows for conducting the final cross coupling with the 
bridging moiety with inversed polarity, i.e. using the trifluoromethylated thiazole as arylhalide 
instead of metalorganic compound and thus increasing its reactivity (vide infra). Introduction of 
the bromine is advantageously done in the beginning of the synthesis by bromination of 
2-phenylthiazole 72 in the 5-position (Scheme 28, bottom). Then, by lithiating the 4-position 
using LDA a "halogen-dance-reaction"[109] is induced, i.e. lithium and bromine exchange 
positions. By quenching the intermediate with iodine 5-iodo-4-bromothiazole 76 was obtained 
in excellent yield. Remarkably, using Hartwig's trifluoromethylation the CF3 group was 
selectively introduced in the 5-position to yield brominated CF3-thiazole 77 in high yield. By 
performing the halogen-metal exchange with n-BuLi at -100 °C and subsequent quenching with 
Bu3SnCl stannane 78 was obtained. However, also this reaction gave no clean conversion to the 
stannane resulting in a modest yield of 46%. 
Stille cross coupling of excess stannane 78 with 1,2-dibromocyclopentene 24 yielded 
the symmetrically substituted α-trifluoromethylated DAE 9b in 18% yield (Scheme 29). The 
unsymmetrically substituted DAE 9c was accessed via stepwise cross coupling.11 First 
1,2-dibromocyclopentene was functionalized with the corresponding CH3-thiazole by reacting it 
with boronate 42 to afford monocoupled DAE 43 (vide supra). This was transformed to the 
                                                 
11 DAE 9c and precursors 43, 79, and 80 were synthesized by Fabian Eisenreich in a Bachelor thesis. 
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pinacol boronate 79 allowing for the Suzuki coupling with 4-bromo-2-phenyl-5-
trifluoromethylthiazole 77 with inversed polarity relative to the first coupling step. The reaction 
yielded DAE 9c in 10% yield. In order to avoid a statistical reaction during synthesizing 
unsymmetrically substituted DAEs a protocol recently proposed by the group of Knochel[138] for 
the selective transformation of 1,2-dibromocyclopentene 24 to the boronic ester 80 via halogen-
metal exchange mediated by the "Turbo-Grignard" reagent i-PrMgClLiCl was tested. Indeed, 
boronic ester 80 was obtained in 87% yield. However, performing the Suzuki coupling of the 
boronic ester 80 and bromothiazole 77 gave only trace amounts of the desired monocoupled 
compound. Instead, a second equivalent of boronic ester 80 reacted with the monocoupled 
DAE, showing that the second cyclopentene-bromine bond is activated once the electron 
withdrawing CF3-thiazole is attached. 
 
Scheme 29. Synthesis of α-trifluoromethylated dithiazolylcyclopentenes 9b and 9c. 
In order to obtain α-trifluoromethylated DAEs in the thiophene series it was envisioned that an 
early introduction of the CF3 group and construction of the 2,2'-trifluoromethylated and 
5,5'-dichlorinated DAE intermediate, analogous to CH3-bearing compound 16, would be 
advantageous, as the peripheral substituents could be altered very easily (Scheme 30a). For this 
purpose 2-chloro-5-iodothiophene 81 was synthesized by iodination using I2 and HIO3.[139] This 
compound was subjected to Hartwig's trifluoromethylation, which gave clean conversion to a 
new compound, which was detected in the crude reaction mixture by UPLC. The Rf value of 
this compound was different to that of the starting material 81 and that of 2-chlorothiophene, 
thus it was concluded that the trifluoromethylated thiophene 82 may have been formed. 
However, upon workup of this reaction involving evaporation of the solvent no traces of either a 
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in the UPLC was not detected any more. Presumably, compound 82 is highly volatile making it 
difficult to isolate. Thus, a later introduction of the CF3 group in preassembled thiophene 
building blocks had to be utilized. 
Thus, 2-bromothiophene 83 was converted in a Suzuki coupling to 2-phenylthiophene 
84, which then was iodinated in the 5-position using NCS and NaI (Scheme 30b).[140] 
Iodothiophene 85 was trifluoromethylated using Hartwig's protocol to give CF3 substituted 
thiophene 86. As expected, deprotonation using LDA proceeded regioselectively in α-position 
to the CF3 group, which allowed for the synthesis of pinacol boronate 87, which then was cross 
coupled with 1,2-dibromocyclopentene 24 to give the symmetrical α-trifluoromethylated 
dithienylethene 8b. Unfortunately, DAE 8b could not be obtained pure, as after several column 
chromatographic separations still small impurities were detected by NMR spectroscopy and 
recrystallization was unsuccessful. Nevertheless, DAE 8b was studied spectroscopically and it 
was assumed that the impurities do not affect the principal findings.12 
 
Scheme 30. a) Attempted early trifluoromethylation for the synthesis of α-trifluoromethylated 
dithienylcyclopentenes. b) Synthesis of DAE 8b. 
Unsymmetrically substituted dithienylethene 10c, bearing a donor-acceptor substitution 
pattern composed of a N,N-dimethylaniline and a CF3 group on one of the thiophene moieties, 
was obtained using a similar strategy (Scheme 31). Thiophene was lithiated in the α-position, 
converted to the boronic acid, and cross coupled with 4-bromo-N,N-dimethylaniline. The 
resulting thiophene 88 was iodinated using n-BuLi and iodine and then trifluoromethylated 
using the protocol by Urata and Fuchikami. Despite the substitution with a strong donor group 
thiophene 90 could be isolated in satisfactory 69% yield. By regioselective lithiation using LDA 
pinacol boronate 91 was accessed. Eventually, cross coupling of 91 with the monocoupled DAE 
                                                 
12 DAE 8b and precursors 83-87 were synthesized by Fabian Eisenreich in a Bachelor thesis. 
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94, obtained from a low yielding statistical reaction on 1,2-dibromocyclopentene, allowed for 
the isolation of DAE 10c in 28% yield starting from thiophene 90. 
 
Scheme 31. Synthesis of donor substituted, α-trifluoromethylated dithienylcyclopentene 10c. 
 
4.1.5 Isolation of ring-closed isomers and by-products 
Ring-closed isomers and by-products of three diarylcyclopentenes were isolated by irradiation 
in a preparative scale (Scheme 32). For this purpose ca. 1 – 210-3 M solutions of the 
corresponding ring-open isomers in acetonitrile were placed in quartz tubes and irradiated in a 
photochemical reactor with 300 nm light. Thereby working under an argon atmosphere and with 
degassed solvents was essential, in particular for electron rich DAE 1c. In order to isolate the 
ring-closed isomer in case of 1c also the irradiation time had to be kept short to a maximum 
conversion of ca. 50%, as at longer irradiation times significant amounts of the by-product 
1c(bp) were formed, which were difficult to separate. For this reason and due to partly 
decomposition of 1c(c) during column chromatographic purification a yield of only 33% was 
obtained. Notably, strict oxygen free conditions had to be applied during the column 
chromatographic purification of 1c(c), as in the presence of oxygen the compound immediately 
decomposed on the silica gel. Compounds 1h(c) and 3d(c) as well as the by-products 1c(bp) 
and 3d(bp) were much less sensitive. Detailed analytical characterization of isomers of 1c and 
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Scheme 32. Isolation of ring-closed isomers and by-products by irradiation in a preparative scale. 
 
Scheme 33. Synthesis of ring-closed dimorpholinothiazolylethenes by oxidation and re-reduction. 
As morpholinothiazole substituted DAEs cannot be cyclized photochemically (see 
section 4.4), chemical and electrochemical oxidation was used (Scheme 33). Compound 11a 
was oxidized using ceric(IV) ammonium nitrate (CAN) and re-reduced with sodium ascorbate 
to yield a mixture of the ring-open and ring-closed isomers and a by-product 11a(bp). From this 
mixture an analytical sample of 11a(c) was isolated using preparative HPLC. The by-product 
11a(bp) was obtained in 40% yield by electrochemical oxidation of the ring-open isomer and 
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12(c) were isolated after electrochemical oxidation to the dicationic state and subsequent re-
reduction in 67% and 50% yield, respectively. For a detailed discussion on the observed by-
product formation and its analytical characterization see section 4.4. 
4.1.6 Summary and Outlook 
By using post-functionalization in the periphery of the dithienyl(perfluoro)cyclopentene cores 
16 and 18, according to the route proposed by Feringa and coworkers, a series of DAEs was 
successfully synthesized bearing a broad range of donor and acceptor groups on the phenyl 
rings. In general, the reactions worked in satisfactory yields, however, in some cases 
purification problems arose due to formation of monocoupled by-products with very similar 
polarity. Unsymmetrical substitution of the DAE core could be achieved by stepwise reactions, 
but it was observed that the second halogen-metal exchange/cross coupling step may be 
hindered or prevented depending on the nature of the first phenyl substituent. To circumvent 
this problem, cross couplings with inverted polarity, using the 2-chlorothiophene moiety as aryl 
halide, were explored, which represent an attractive alternative for the post-functionalization of 
DAEs. 
The second strategy to assemble the DAE scaffold consisted in cross couplings between 
pre-assembled heterocyclic boronic esters or stannanes and dihalogenated bridging moieties. 
While this strategy is very flexible in terms of alternating the bridge and is particularly 
interesting for the synthesis of perfluorocyclopentene bridged DAEs, for some bridging motifs 
the reaction conditions had to be precisely optimized. In particular, for cross couplings on the 
less reactive 1,2-dibromocyclopentene 24 and 8,9-dibromo-1,5,7-triazabicyclo[4.3.0]-nona-6,8-
diene 27 bridges the notorious sensitivity of thiazolylboronic esters towards protodeboronation 
massively diminishes the yields. In the latter case precise control of the water content in the 
reaction mixture led to a significant improvement of the outcome of the reaction. Alternatively, 
in cases for which the boronic esters were difficult to obtain, Stille cross couplings using stable 
organostannanes were applied. These, however, often lead to problems during purification of 
the desired compounds due to formation of homocoupled by-products and organotin residues.  
To improve the cross coupling a systematic screening of reaction conditions concerning 
solvent, catalyst, ligands, and the base has to be performed. In addition, inverting the polarity by 
using the bridging moiety as organoboronic ester or stannane, if synthetically accessible, may 
lead to higher yields. To face the problem of protodeboronation the controlled slow addition of 
the heterocyclic boronic ester to the reaction mixture or the use of more stable 
organotrifluoroborates (R-BF3K) and MIDA boronates (R-B[CH3N(CH2COO)2]), the latter 
slowly releasing the free boronic acid during the reaction, is promising. 
The introduction of CF3 substituents in the α-position of the thiophene and thiazole 
heterocycles was accomplished utilizing protocols by Urata and Fuchikami as well as Hartwig 
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and coworkers. Although the former was not always high yielding, it could be applied on large 
scales. With the latter high yields could be achieved, but reactions were successful only on very 
small scales. This problem may be avoided by not generating the [(phen)CuCF3] complex in situ 
but isolating it in advance to the reaction using glovebox techniques. Already during the 
synthesis the remarkable modulation of electronic properties by the CF3 group was observed: 
The CF3 containing stannanes were highly deactivated in Stille cross coupling compared to the 
methyl substituted analogues. On the other hand, CF3-thiazole derivatives were activated against 
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4.2 Quantitative photochemical measurements13 
4.2.1 Introduction 
Often the performance of photochromic compounds is characterized by recording their 
electronic spectra before and after certain times of irradiation, analyzing the composition of the 
PSS that is reached, and determining the rate of the thermal back-reaction, if present. However, 
parameters such as the composition of the PSS and the irradiation time needed to reach it are 
only qualitative, as they are highly dependent on the experimental conditions such as 
concentration, molar absorptivities of all isomers, light intensity, and temperature. Therefore, to 
assess definite structure-property relationships an in-depth quantification of the underlying 
isomerization reactions, i.e. ring-closure, ring-opening, and by-product formation in case of 
DAEs, by determining their partial reaction quantum yields[141] is essential. While quantum 
yields for ring-closure and ring-opening of a large number of DAE derivatives are reported in 
the literature,[8b] a quantification of by-product formation has not been performed before. 
The main difficulty in the quantification of DAE photochromism arises from the fact 
that generally the absorbance bands of the ring-open and ring-closed isomers fully overlap in 
the UV-range of the electromagnetic spectrum, i.e. there is no wavelength found where only the 
ring-open isomer absorbs. This prevents the quantification from pure spectrophotometric data as 
the molar absorptivity of the ring-closed isomer cannot be determined. To assess the needed 
extinction coefficients the preparative isolation of the ring-closed isomer (as well as the by-
product) is necessary. However, this is laborious and in some cases very difficult due to their 
highly similar structure and susceptibility to oxidation. Alternatively, careful determination of 
the composition of samples taken during different stages of the isomerization reaction using a 
secondary method, e.g. UPLC or NMR, allows for the calculation of the molar absorptivities. 
Also approximations, in particular using "Fischer's method",[142] can be used for their 
estimation. Note that though theoretically the pure spectrum of the irreversibly formed by-
product could be determined by simply irradiating the sample until everything has been 
converted, this is not practicable due to the long irradiation times needed and unspecific 
photobleaching. 
As part of this work procedures for the quantitative characterization of DAEs and other 
photochromes have been established in the Hecht research group. This was done by assembling 
a spectroscopic setup allowing for the simultaneous irradiation of a sample and measurement of 
its absorbance spectra, establishing literature known actinometric procedures, and evaluating 
different procedures for the determination of molar absorptivities of the unknown isomers and 
quantum yields for the single isomerization reactions of DAEs. Thereby a special focus was laid 
                                                 
13 Parts of this section have been published in M. Herder et al,. J. Am. Chem. Soc. 2015, 137, 2738-2747. 
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on the quantification of the by-product formation. Also the applicability of Singular Value 
Decomposition (SVD) for the evaluation of photokinetic data of DAEs was tested and a 
procedure was identified that gives the spectra of the unknown isomers as well as quantum 
yields without the need of secondary methods. 
In the following DAE 3d shall serve as model compound for the demonstration of the 
different evaluation procedures and the application of SVD to DAE photochromism. A 
discussion of the experimental uncertainties is included for procedures relating to the 
quantification of by-product formation. 
4.2.2 Spectroscopy setup 
Stepwise irradiation and measurement of electronic spectra was routinely performed using a 
1000 W high pressure Xe arc lamp equipped with collimating lenses to ensure a parallel 
orientation of the emitted light. A timed electronic shutter allowed for the precise control of 
irradiation times. For wavelength selection combinations of different interference, bandpass, 
and cutoff filters were used. The complete front area of 3 mL quartz cuvettes (10x10 mm) 
containing the sample solution was illuminated. UV/Vis spectra were recorded on a Cary50 
spectrophotometer equipped with a Peltier thermostated cell holder at 25 °C. 
For quantitative photokinetic measurements using simultaneous irradiation and 
recording of UV/Vis spectra a setup was assembled consisting of a 500 W high pressure Hg(Xe) 
lamp (LOT Oriel) coupled to a monochromator (LOT Oriel MSH-300), which was equipped 
with an electronic shutter. The light output of the monochromator was transferred to the cell 
compartment of a Cary60 spectrophotometer using an optical fiber. The irradiation beam was 
assembled orthogonal to the measurement beam of the spectrophotometer illuminating ca. 1 cm² 
of the front area of a 3 mL quartz cuvette (10x10 mm), which was thermostated at 25 °C. 
During photokinetic measurements effective stirring of the sample was ensured. The minimal 
time resolution of the Cary60 spectrophotometer while scanning a wavelength range of 300 nm 
is 3 s. The intensity of the irradiation beam was kept low enough that no inhomogeneities due to 
illumination of only a part of the cuvette front area were detected and the spectral changes 
within the time resolution of the spectrometer could be neglected.  
  
4.2 Quantitative photochemical measurements 
61 
4.2.3 Photokinetic rate laws 
In Table 4 physical quantities that are used for the following discussion are collected. 
Table 4. Nomenclature of physical quantities used in this chapter. 
quantity unit  
ܽ(ݐ), ܾ(ݐ), ܿ(ݐ) mol L-1 concentrations of species A, B, and C 
ܽ଴ mol L-1 overall concentration 
ߔ஺஻	, ߔ஻஺,ߔ஻஼  quantum yields of ring-closure, ring-opening, and by-product formation 
ߝ஺ᇱ 	, ߝ஻ᇱ , ߝ஼ᇱ  L mol-1 cm-1 decadic extinction coefficents of A, B, and C at the irradiation wavelength 
ߝ஺௢௕௦, ߝ஻௢௕௦, ߝ஼௢௕௦ L mol-1 cm-1 decadic extinction coefficents of A, B, and C at the observation wavelength
݈′, ݈௢௕௦ cm path lengths of the irradiation and observation beams 
ܣᇱ, ܣ௢௕௦  overall absorbance at the irradiation and observation wavelengths 
ܨ(ݐ) = 	 ቀଵିଵ଴
షಲᇲ(೟)ቁ
஺ᇲ(௧)   
 photokinetic factor 
ܫ଴ E s-1 cm-3 light intensitya 
ܫ௔௕௦,௑ E s-1 cm-3 light intensity absorbed by species Xa 
a here the unit Einstein (E) denotes "mole of photons". 
 
The quantum yield of a photochemical reaction is defined as the ratio of the number of 
molecules of a species A undergoing the reaction and the number of photons absorbed by the 
sample: 
 
ߔ = #	௠௢௟௘௖௨௟௘௦	௥௘௔௖௧௘ௗ#	௣௛௢௧௢௡௦	௔௕௦௢௥௕௘ௗ =
௱௡ಲ
௡ು  (1) 
 
To obtain values independent from the irradiation conditions every linear independent step k of 
the photoreaction has to be considered.[141] Furthermore, the change in the number of molecules 
can be referred to the volume of the sample, i.e. the change of concentration, and to an 
infinitesimally small time dt giving 
 
ߔ௞ = ିௗ௔(௧)/ௗ௧ଵ଴଴଴	ூೌ್ೞ,ಲ (2) 
 
with Iabs,A being the light intensity absorbed by species A. A factor of 1000 cm3 dm-3 was 
introduced to match the units typically used for concentration (mol dm-3) and light intensity 
(E s-1 cm-3). According to Lambert-Beer's law the amount of absorbed light by a sample of the 
path length l' is: 
 
ܫ௔௕௦ = ܫ଴ − ܫ௟ᇲ = ܫ଴(1 − 10ି஺ᇲ) (3) 
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If more than one species in the sample absorbs at the irradiation wavelength the contribution of 
species A to the total extinction has to be considered to determine the light intensity absorbed 
by A: 
 
ܫ௔௕௦,஺ = ܫ଴൫1 − 10ି஺ᇲ൯ ஺ಲ
ᇲ
஺ᇲ = ܫ଴൫1 − 10ି஺
ᇲ൯ ఌಲᇲ 	௔		௟ᇲ஺ᇲ  (4) 
 
Combining equations (2) and (4) and using the photokinetic factor F(t), which is time-
dependent due to the changing extinction at the irradiation wavelength in case of non-isosbestic 




ௗ௧ = −1000	ܫ଴	ܨ(ݐ)	ߝ஺ᇱ 	ߔ௞	ܽ(ݐ)	݈′ (5) 
 
The photochromism of DAEs is described by an AB(2Φ) isomerization scheme consisting of 
two independent photochemical reaction steps between species A (ring-open isomer) and B 
(ring-closed isomer) while neglecting a possible thermal back-reaction (Scheme 34a). If the by-
product formation is to be considered, the scheme is extended to an ABC(3Φ) system with an 
additional irreversible photochemical step from B to the by-product C (Scheme 34b).  
 
Scheme 34. General isomerization schemes for photochromic systems of the a) AB(2Φ) and b) ABC(3Φ) 
type. 





ௗ௧ = 1000	ܫ଴	ܨ(ݐ)	݈′	൫−ߝ஺ᇱ 	ߔ஺஻	ܽ(ݐ) + ߝ஻ᇱ 	ߔ஻஺	ܾ(ݐ)൯ (6a) 
ௗ௕(௧)




ௗ௧ = 1000	ܫ଴	ܨ(ݐ)	݈′	൫−ߝ஺ᇱ 	ߔ஺஻	ܽ(ݐ) + ߝ஻ᇱ 	ߔ஻஺	ܾ(ݐ)൯ (7a) 
ௗ௕(௧)
ௗ௧ = 1000	ܫ଴	ܨ(ݐ)	݈′	൫ߝ஺ᇱ 	ߔ஺஻	ܽ(ݐ) − ߝ஻ᇱ 	ߔ஻஺	ܾ(ݐ) − ߝ஻ᇱ 	ߔ஻஼	ܾ(ݐ)൯ (7b) 
ௗ௖(௧)
ௗ௧ = 1000	ܫ଴	ܨ(ݐ)	݈′	൫ߝ஻ᇱ 	ߔ஻஼	ܾ(ݐ)൯ (7c) 
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In general these rate equations cannot be integrated in a closed form due to the time-dependence 
of the photokinetic factor.[141,143] However, a solution for the AB(2Φ) system can be found if 
simplifying assumptions are made in terms of the "initial slope method". An exact solution for 
both systems can be calculated using numerical procedures (see section 4.2.6). 
4.2.4 Actinometry 
To determine the intensity of the irradiation beam I0 three different chemical actinometers[144] 
were used that cover wavelengths between 254 nm and 600 nm (Figure 9). In the UV range 
initially azobenzene was chosen as easy-to-handle actinometer[144-145] covering the mercury lines 
280 nm, 313 nm, and 334 nm. However, as azobenzene actinometry comes along with certain 
disadvantages,14 later during this work the widely-used potassium ferrioxalate actinometry[146] 
was employed covering a broad wavelength range in the UV region. In the visible range of the 
spectrum the commercial furyl fulgide Aberchrome 670 ((E)-3-(adamantan-2-ylidene)-4-[1-
(2,5-dimethyl-3-furyl)ethylidene]dihydro-2,5-furandione)[147] was used as a reference. It was 
chosen as it covers similar wavelengths as the ring-closed isomers of DAEs and it is much 
easier to handle than many other actinometers for the visible range.[144a] However, there are only 
few detailed reports on its photochemical properties.[147-148] 
 
Figure 9. Wavelength ranges for utilized chemical actinometers. 
Note that a comparison of I0-values obtained with azobenzene and ferrioxalate at 
irradiation wavelengths of 313 nm and 334 nm revealed a maximum discrepancy of 5% 
showing that values obtained with both methods are fairly comparable. On the other hand, the 
I0-value at λirr = 436 nm obtained using Aberchrome 670 was 16% lower than the value obtained 
using ferrioxalate under identical irradiation conditions. This demonstrates the uncertainty when 
comparing quantitative photochemical measurements using different actinometers. Though 
Aberchrome 670 seems rather unreliable in terms of absolute values due to the lack of literature 
data, the actinometric procedure was not changed to ensure comparability of ring-opening 
quantum yields within this work. Note that very recently the group of Irie reported detailed 
                                                 
14 Using azobenzene in total absorbance[144a,145a] turned out to be unreliable due to the necessity of 
recording very small absorbance changes in the steep low-energy onset of the -*-band. In diluted 
solutions only wavelengths near the maximum of the -*-band may be used, in particular actinometry at 
365 nm is not practicable. 
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quantitative photochemical data on the ring-opening of two commercial DAE derivatives, which 
may be advantageously used for future actinometric measurements.[11a] 
Azobenzene actinometry[144-145] 
Light intensities at 280 nm, 313 nm, and 334 nm were determined using a 410-5 M solution of 
azobenzene in methanol. Therefore the solution was irradiated in at least 6 steps until the 
absorbance at 313 nm A313 nm depleted by 10%. From the recorded values A313 nm the 
concentration of the trans-Isomer a was obtained by: 
 
ܽ = 	 ஺యభయ	೙೘ିఌ೎೔ೞయభయ	೙೘	௔బ	௟ᇲఌ೟ೝೌ೙ೞయభయ	೙೘ିఌ೎೔ೞయభయ	೙೘  (8) 
 
with l' = 1 cm,  ߝ௧௥௔௡௦ଷଵଷ	௡௠ = 22020 M-1 cm-1 and ߝ௖௜௦ଷଵଷ	௡௠ = 2715 M-1 cm-1. The obtained 
concentration was plotted against the time and linear regression was performed to determine the 
slope da/dt. According to the "initial slope method" the light intensity I0 was calculated by: 
 




Thereby quantum yields ߶ఒ = 0.12 (280 nm), 0.13 (313 nm), and 0.15 (334 nm) were used. 
Ferrioxalate actinometry 
The "micro-version"[144b] of potassium ferrioxalate actinometry[146] was used under conditions of 
total absorbance. It consists of irradiation of 3 mL of a fresh potassium ferrioxalate solution 
(0.006 M in 0.05 M H2SO4) in a cuvette for 2 - 4 min, subsequent addition of 0.5 mL of 
1,10-phenanthroline buffer (0.1 wt% in 0.5 M H2SO4/1.6 M NaOAc), and absorbance readout at 




௱௧	ଵ଴଴଴	థഊ	ఌఱభబ	೙೘ 	 ∙ 	
ଷ.ହ	௠௅
ଷ	௠௅  (10) 
 
with Δܣହଵ଴	௡௠ being the difference in absorbance between the sample and a non-irradiated 
reference, 	ߝହଵ଴	௡௠ = 11100 M-1 cm-1, and ߶ఒ = 1.24  (280 – 313 nm), 1.23 (334 nm), 
1.21 (365 nm), or 1.11 (436 nm). In case λirr = 436 nm an additional factor 1/(1-10-A') was 
introduced into eq. (10) due to the lack of total absorbance. 
For the described Hg(Xe) lamp setup light intensities of I0 = 4.010-10 – 
1.110-9 E s-1 cm-3 have been obtained. The maximum relative error of the actinometry is 2% 
assuming uncertainties of 0.3% for Δܣହଵ଴	௡௠ (Δܣ = 0.8 – 1.0, ΔΔܣ = 0.002), 1% for Δݐ 
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(Δݐ = 120 – 240 s, ΔΔݐ = 1 s), and 0.3% for the sample volume (V = 3.5 mL, ΔV = 0.0060 mL / 
V = 3.0 mL, ΔV = 0.0045 mL). The actual error may be lower as in a series of eight independent 
actinometric measurements at λirr = 313 nm under identical irradiation conditions I0 was 
obtained with a standard deviation of 0.8%. 
Aberchrome 670 actinometry 
Light intensities at 436 nm and 546 nm were determined using the commercial furyl fulgide 
Aberchrome 670[147] as reference. Therefore 3 mL of a toluene solution of Aberchrome 670 
(1.010-4 M) were irradiated for 4 min at 365 nm (1000 W Xe, interference filter) before 
irradiation with visible light was performed in 6 steps each consisting of 5% conversion (15 s 








with A' the initial absorbance at the irradiation wavelength, ߶ఒ = 0.32 (436 nm) or 
0.29 (546 nm), and 	ߝହଵଽ	௡௠ = 7760 M-1 cm-1. The typical standard deviation of the six 
measurements is 2%. 
4.2.5 Determination of molar absorptivities using UPLC 
The molar absorptivity of the ring-open isomer ߝ஺ఒ is obtained by careful preparation of a 
standard solution and calculation according to equations (12) and (13). 
 
ܽ଴ = ௠ெ	௏ (12)    ߝ஺ఒ =
஺ഊ
௔బ	௟ᇲ  (13) 
 
The concentration of the spectroscopic solution a0 can be determined with a relative 
error of 2% assuming uncertainties for the sample weight of 1% (m ≈ 1-2 mg, Δm = 0.01 mg) 
and the solvent volume of 1%, (V = 100 mL, ΔV = 1 mL). Thus the error of the molar 
absorptivity of the ring-open isomer ߝ஺ఒ does not exceed 3% assuming a maximum uncertainty 
of the absorbance measurement of 1% (A ≈ 0.1-1.0, ΔA = 0.001). 
Extinction coefficients of the unknown isomers were calculated by determining 
conversions of the ring-open isomer to ring-closed isomer and by-product after varying times of 
UV-irradiation by means of ultra-high performance liquid chromatography (UPLC). For this 
purpose at least 4 samples were taken from an irradiated quartz cuvette during the conversion to 
the (pseudo-)PSS between the ring-open and ring-closed isomer. Another 4 samples were taken 
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during the successive conversion to the by-product upon prolonged UV-irradiation.15 The 
solutions in spectroscopic concentrations (typically 3·10-5 M) were directly injected into the 
UPLC and separated on reversed phase columns (Acquity UPLC BEH C18/ BEH Phenyl) using 
solvent gradients of 20 – 5% 0.1 M NH4HCO3 (pH = 9) / 80 – 95% acetonitrile. It was ensured 
that under these conditions absorbance of the involved species recorded by the diode array 
detector in the water/acetonitrile gradient is identical compared to spectra obtained from 
UV/Vis spectroscopy in pure acetonitrile. Integration of the obtained diode array signal was 
performed using isosbestic wavelengths observed during conversion from ring-open isomer to 
the PSS and from the PSS to the by-product, respectively (see Figure 10a-b and Figure 11a-b for 
exemplary spectra and chromatograms of DAE 3d). 
 
Figure 10. a) UV/Vis spectra of 3d (acetonitrile, 3.70·10-5 M) during irradiation with 313 nm light 
(1000 W Xe) until reaching the PSS. b) UPLC traces of samples taken after different irradiation times. c) 
Determination of the absorbance of the pure ring-closed isomer by liner regression according to eq. (14). 
 
 
Figure 11. a) UV/Vis spectra of 3d (acetonitrile, 3.70·10-5 M) during prolonged irradiation with 313 nm 
light (1000 W Xe) after reaching the PSS. b) UPLC traces of samples taken after different irradiation 
times. c) Determination of the absorbance of the pure by-product by linear regression according to 
eq. (15). 
                                                 
15 For a detailed discussion of the spectroscopic behavior of DAEs under prolonged UV-irradiation see 
section 4.3. 
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Note that although three isomers with differing UV/Vis spectra are present in the 
reaction mixture the occurrence of isosbestic points during the progressive formation of the by-
product follows from the fact that once the photostationary equilibrium between the ring-open 
and ring-closed isomers is reached, the concentration ratio of these two isomers remains 
constant. Thus, during prolonged UV irradiation the absorbance spectrum of the mixture 
uniformly changes from the spectrum of the "pure" PSS to that of the by-product. 
For any wavelength λobs the total absorbance ܣobs during conversion from the pure ring-
open isomer to the PSS is given by: 
 
ܣobs = ݔ ∙ ܣ஻௢௕௦ + (1 − ݔ) ∙ ܣ஺௢௕௦ = ൫ܣ஻௢௕௦ − ܣ஺௢௕௦൯ ∙ ݔ + ܣ஺௢௕௦ (14) 
 
with ܣ஺௢௕௦ and ܣ஻௢௕௦ as the absorbance of the pure ring-open and ring-closed isomer, 
respectively, and ݔ the mole fraction of the closed isomer. Analogous for prolonged UV-
irradiation after reaching the PSS ܣobs is given by: 
 
ܣobs = ݕ ∙ ܣ஼௢௕௦ + (1 − ݕ) ∙ ܣ௉ௌௌ௢௕௦ = ൫ܣ஼௢௕௦ − ܣ௉ௌௌ௢௕௦൯ ∙ ݕ + ܣ௉ௌௌ௢௕௦  (15) 
 
with ܣ௉ௌௌ௢௕௦  as the absorbance of the pure photostationary mixture of the ring-open and ring-
closed isomer,	ܣ஼௢௕௦ as the absorbance of the pure by-product, and ݕ as the mole fraction of the 
by-product. By plotting ܣobs against ݔ and ݕ, which were obtained from UPLC at different 
stages of the irradiation, the spectra of the individual components can be obtained from the 
intercept and slope according to eq. (14) and (15) (see Figure 10c and Figure 11c for the 
exemplary procedure on DAE 3d). 
 
Figure 12. Comparison of UV/Vis spectra of all three isomers of 3d in acetonitrile obtained by 
calculation from UPLC data (solid lines) and by isolation of the ring-closed isomer and by-product 
(dashed lines). 
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Note that eq. (15) holds as long as the amount of by-product formed during the initial 
period of UV irradiation before reaching the PSS can be neglected. For all DAEs reported in 
this work ݕ was < 1% during this period. The comparison of theoretical spectra of the pure 
isomers with spectra obtained from the respective isolated isomers of compound 3d shows 
excellent agreement (Figure 12). 
The standard deviations of intercept and slope originating from linear regression of the 
experimental data using eq. (14) and (15) are relatively small so that the errors of the values for 
ܣ஻௢௕௦ and ܣ஼௢௕௦ do not exceed 3% (see Table 5 for an exemplary calculation on DAE 3d). With 
this, molar absorptivities of the ring-closed isomer and by-product can be calculated with a 
maximum relative error of 5%. Note that for simplicity an error of 5% for ߝ஻௢௕௦ and ߝ஼௢௕௦ was 
assumed for all compounds discussed in section 4.3 although in some cases the actual error was 
smaller. 
It has to be noted that though the outlined procedure is able to determine the molar 
absorptivities of the unknown isomers very accurately for most DAEs, it has to be applied with 
care. In particular, it has to be ensured that the compounds do not exhibit solvatochromism, 
which would make the integration of the diode array detector trace highly unreliable. 
Furthermore, the thermal stability of the isomers of the photochromic compound has to be 
sufficiently high and no isomerization reaction should be induced during UPLC analysis by any 
part of the solvent or the stationary phase.16 
Table 5. Exemplary determination of ࢿ࡮࢕࢈࢙ and ࢿ࡯࢕࢈࢙ via linear regression (y = mx + n) according to eq. 
(14) and (15) for compound 3d. 
ring-closed isomer  by-product 























a A500 nm = m500 nm + n500 nm 




                                                 
16 Problems due to solvatochromism were encountered when analyzing azobenzene with the outlined 
procedure. Analysis of a terarylene-type DAE structure, which is not reported in this work, revealed 
considerable thermal instability of the ring-closed isomer in the presence of the stationary phase. 
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4.2.6 Determination of quantum yields 
Initial slope method 
Quantum yields for ring-closure under UV irradiation as well as ring-opening under visible light 
irradiation were determined using the "initial slope method". Thereby only the first 10% of the 
conversion are considered allowing for two simplifying assumptions:17 1) The overall 
absorbance at the irradiation wavelength is considered to be constant (ܣ′(ݐ) ≈ ܣ′(0)) and 2) the 
UV-light induced back reaction can be neglected as only a very small amount of isomer B is 
formed during this period (ε୆ᇱ 	Φ୆୅	b(t) ≈ 0). With these assumptions and under the premise 
that in the beginning only species A is present (ܣᇱ(0) = ε୅ᇱ 	ܽ(ݐ)	݈ᇱ), eq. (6a) can be converted 
into a linear expression: 
 
ௗ௔(௧)
ௗ௧ = −1000	ܫ଴	൫1 − 10ି஺
ᇲ(଴)൯	ߔ஺஻ (16) 
 
Substitution of ܽ(ݐ) by the absorbance recorded in the visible range, where only the ring-closed 
isomer absorbs, gives: 
 
ௗ஺೚್ೞ(௧)
ௗ௧ = 1000	ܫ଴	൫1 − 10ି஺
ᇲ(଴)൯	ߝ஻௢௕௦	ߔ஺஻ (17) 
 
Plotting ܣ௢௕௦(t) against the time and determining the slope ݀ܣ௢௕௦(t)/݀ݐ for the first 10% of 
conversion by linear regression easily allows for the calculation of ߔ஺஻ using eq. (17). 
By testing the outlined procedure against simulated photokinetic data, which represent a 
typical DAE, the validity of the intial slope method is shown (Figure 13). However, a small 
systematic error is introduced by the linearization in the 10% region resulting in the calculated 
value (0.48) being somewhat smaller than the "true" quantum yield used for the simulation 
(0.50). Accounting for this systematic error and the experimental uncertainties in determining I0 
and 	ε୆୭ୠୱ quantum yields determined by the initial slope method are estimated to possess an 
uncertainty of 10%. 
Numerical integration of rate equations and non-linear regression 
Using the photochemical rate constants ݇ଵ = ߝ஺ᇱ 	߶஺஻	݈′,	݇ଶ = ߝ஻ᇱ 	߶஻஺	݈′, and	݇ଷ = ߝ஻ᇱ 	߶஻஼	݈′ rate 
equations (6a-b) and (7a-c) can be expressed as: 
 
                                                 
17 The approximation holds as long as the absorbance of the photoproduct B at the irradiation wavelength 
is not much larger than that of A and the quantum yield of the back-reaction is not much larger than that 
of the forward reaction. Both is fulfilled for typical DAEs. 
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ௗ௔(௧)
ௗ௧ = 1000	ܫ଴	ܨ(ݐ)	൫−݇ଵ	ܽ(ݐ) + ݇ଶ	ܾ(ݐ)൯ (18a) 
ௗ௕(௧)
ௗ௧ = 1000	ܫ଴	ܨ(ݐ)	൫݇ଵ	ܽ(ݐ) − ݇ଶ	ܾ(ݐ)൯ (18b) 
 
ௗ௔(௧)
ௗ௧ = 1000	ܫ଴	ܨ(ݐ)	൫−݇ଵ	ܽ(ݐ) + ݇ଶ	ܾ(ݐ)൯ (19a) 
ௗ௕(௧)
ௗ௧ = 1000	ܫ଴	ܨ(ݐ)	൫݇ଵ	ܽ(ݐ) − ݇ଶ	ܾ(ݐ) − ݇ଷ	ܾ(ݐ)൯ (19b) 
ௗ௖(௧)
ௗ௧ = 1000	ܫ଴	ܨ(ݐ)	൫݇ଷ	ܾ(ݐ)൯ (19c) 
 
To numerically integrate these rate equations first the photokinetic factor ܨ(ݐ) is calculated at 
each point of the measurement from the recorded absorbance at the irradiation wavelength A'.18 
Values in between the data points are obtained by linear interpolation of A'. Then, reasonable 
values for k1 – k3 are guessed and for given initial values for the concentration of the species19 
the differential rate equations are solved iteratively using the Runge-Kutta algorithm. With the 
thus obtained concentration-time profiles a(t) – c(t) the absorbance at the observation 
wavelength (typically in the visible range where only the ring-closed isomer and by-product 
absorb) is calculated using Lambert-Beer's law: 
 
ܣ௢௕௦(ݐ) = ߝ஺௢௕௦	ܽ(ݐ)	݈௢௕௦ + ߝ஻௢௕௦	ܾ(ݐ)	݈௢௕௦ + ߝ஼௢௕௦	ܿ(ݐ)	݈௢௕௦ (20) 
 
Finally the parameters k1 - k3 are optimized with a least squares method to fit the calculated 
ܣ௢௕௦(ݐ) with the experimental data. By dividing k1, k2, and k3 with the molar absorptivity at the 
irradiation wavelength of the ring-open and ring-closed isomers, respectively, quantum yields 
are obtained. The numerical integration and regression procedure was conducted using the 
software package Mathematica 8.0 (Wolfram Research Inc.). 
The obtained fit is very robust, i.e. only one global minimum is found independent of 
the guessed starting values for k1 – k3. The test against simulated data shows exact matching of 
the calculated quantum yields with the "true" values (Figure 13). Also it is shown that a 
simulated absorbance-time profile with ߔ஺஻ deviating by only 3% can already be differentiated 
by the naked eye. 
Application of the procedure on experimental data of DAE 3d, including by-product 
formation, is shown in Figure 14. Also one global minimum is found, the experimental data and 
the fitted function do not show any systematic deviation over time, and standard errors for the 
obtained parameters k1 - k3 are below 0.5% (Table 6). 
 
                                                 
18 If the path length of the recording beam and the irradiation beam are different, this has to be corrected 
here. In the utilized spectroscopic setup both l' and lobs are 1 cm. 
19 Typically a(0) = a0 and b(0) = c(0) = 0. 
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Figure 13. Testing of the initial slope method and non-linear regression by numerical integration of the 
exact rate equations against simulated photokinetic data. Simulation was performed using equations 
(18a-b) and (20) with a0 = 310-5 M, ߝ஺ᇱ  = 26300 M-1 cm-1, ߝ஻ᇱ  = 16100 M-1 cm-1, ߝ஻௢௕௦ = 20000 M-1 cm-1, 
I0 = 210-10 E cm-3 s-1, ߔ஺஻ = 0.5, and ߔ஻஺ = 0.1. Random noise (Aobs = 0.001) was added to the obtained 
photokinetic trace. 
 
Figure 14. a) Absorbance-time profile during irradiation of 3d (acetonitrile, 3.70·10-5 M) with 313 nm 
light (I0 = 1.0810-9 E s-1 cm-2, ferrioxalate actinometry) and fitted kinetics according to eq. (19a-c). Inset: 
Residuals of the fit. b) Calculated concentration profiles a(t), b(t), and c(t) corresponding to the fitted 
kinetics. 
Table 6. Error of fitted parameters and derived quantum yields of compound 3d. 
 valuea ቤ ࣔ࢑ࣔࢿ࡮࢕࢈࢙
ቤ ∙ 	ઢࢿ࡮࢕࢈࢙ ቤ
ࣔ࢑
ࣔࢿ࡯࢕࢈࢙
ቤ ∙ ઢࢿ࡯࢕࢈࢙ ઢ࢑࢑  
ઢࣘ
ࣘ  ࣘ 
k1 11125 ± 6 572 30.2 5% 10% ߶஺஻ = 0.53 ± 0.05 
k2 408 ± 1 551 5.1 136% 143% ߶஻஺ = 0.03 ± 0.05 
k3 87.9 ± 0.1 4.6 5.0 11% 18% ߶஻஼ = 0.007 ± 0.001 
a with standard deviation obtained from non-linear regression analysis 
 
The major source of error in the determination of k1 – k3 is their dependency on the 
molar absorptivities ߝ஻௢௕௦ and  ߝ஼௢௕௦ that is not reflected by the negligible standard deviation 
obtained from the fitting procedure. To estimate this dependency the regression was repeated 
assuming extreme values for ߝ஻௢௕௦ and  ߝ஼௢௕௦ within their error margins. Thus the errors of the 
parameters k1 – k3 were calculated according to: 
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߂݇ = ฬ డ௞డఌಳ೚್ೞฬ ∙ 	߂ߝ஻




= ௞൫ఌ೉೚್ೞା௱ఌ೉೚್ೞ൯	ି	௞൫ఌ೉೚್ೞି௱ఌ೉೚್ೞ൯ଶ	௱ఌ೉೚್ೞ  (22) 
 
using Δߝ௑௢௕௦ = 5% as the maximum relative error of the calculated molar absorptivities (vide 
supra). In Table 6 an exemplary calculation for compound 3d is given. As one can expect the 
accuracy of ߝ஻௢௕௦ has a much larger influence on k1 and k2 (ring-closure and ring-opening 
process) compared to the accuracy of ߝ஼௢௕௦ whereas the value of k3 depends on the accuracy of 
both extinction coefficients. Obviously the chosen method is not able to yield a highly reliable 
rate for the ring-opening process as the error of k2 is very large. This can be rationalized by the 
fact that in contrast to k1, which is highly descriptive for the initial slope of the absorbance-time 
profile, k2 is determined by the plateau that is reached in the (pseudo)PSS. As the (pseudo)PSS 
contains a very high amount of ring-closed isomer the difference between this plateau and the 
absorbance of the pure ring-closed isomer is small, thus an error in determining the absorbance 
of the pure ring-closed isomer has a large effect.   
Final quantum yields, which are derived from k1 – k2, are additionally influenced by 
errors of the molar absorptivities at the irradiation wavelength (3% for ߝ஺ᇱ , 5% for ߝ஻ᇱ ) and by the 
error in determining I0 (2%). This is accounted for by adding the relative uncertainties (Table 6). 
 
4.2.7 Application of Singular Value Decomposition to photokinetic data of the 
AB(2Φ) type 
Basic principle20 
A series of photokinetic spectra can be written as a matrix M with the wavelength and the time 
as the two dimensions. The matrix M can be represented by a product of matrices Ufull and 
VTfull, possessing orthonormal columns and rows, respectively, and a rectangular diagonal 
matrix Sfull by means of Singular Value Decomposition (SVD) (eq. (23), Figure 15).[149] 
Thereby, columns in Ufull can be regarded as "basic spectra" that are linearly combined using 
time-dependent factors in VTfull, i.e. the "basic kinetics", to yield the series of spectra M. The 
singular values in Sfull give the "weights" by which the components of Ufull and VTfull are 
considered. Application of SVD to photokinetic spectra of the AB(2Φ)-type gives only two 
large singular values, due to the fact that only two independent components are needed to fully 
                                                 
20 The basic idea and style of representation are adapted from a tutorial by Prof. N. P. Ernsting: 
Decomposition of spectra of a thermodynamic equilibrium system, Humboldt-Universität zu Berlin, 
2009-03-25. 
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represent the data. The other singular values are significantly smaller, representing random 
noise of the measurement, and can be dropped. Thus, truncated matrices U and VT are obtained 
each possessing two columns/rows containing two basic spectra and corresponding basic 
kinetics, respectively (eq. (24)). Note that at this point U and VT have no physical meaning. 
 
ࡹ = ࢁࢌ࢛࢒࢒ 	 ∙ ࡿࢌ࢛࢒࢒ 	 ∙ 	ࢂࢌ࢛࢒࢒ࢀ 	 (23) 
 ≈ ࢁ	 ∙ 	ࡿ	 ∙ 	ࢂࢀ = ࢁ	 ∙ 	ࡿ	 ∙ 	ࡲ	 ∙ 	ࡷࢀ = ࡿ࡭ࡿ	 ∙ 	ࡷࢀ (24) 
 
Figure 15. Principle of Singular Value Decomposition of photokinetic spectra and transformation to a 
product of species associated spectra (SAS) and time-dependent concentration profiles KT. 
The photophysical kinetics of the AB(2Φ) system can be calculated by numerical 
integation of equations (18a-b), as described in the preceding section, assuming some 
reasonable values for the rate constants k1 and k2. This kinetic model, represented in a matrix 
KT, can be transformed by a factor matrix F to the basic kinetics VT obtained from the SVD 
procedure (eq. (25)). F is calculated via the pseudoinverse (KT)+ (eq. (26)), i.e. the obtained 
matrix Fopt contains the parameters that give the "best" projection of KT on VT by means of a 
least squares procedure. Note thar for arbitrary values of k1 and k2 the product Fopt  KT is not 
identical with VT. Thus, by varying the values for k1 and k2, calculation of KT, Fopt , and VTopt 
and finally minimizing the sum of the quadratic errors E = (VTopt-VT)2 of each element of the 
matrices (eq. (28)) values for k1 and k2 are found that fit the kinetics VT obtained from SVD and 
thus describe the full photokinetic data in M. If the found kinetics KT(k1, k2) with optimized 
values for k1 and k2 represent the "true" photokinetics of the system, then the "true" spectra of 
both species ("species associated spectra", SAS) are represented by the product of U, S, and Fopt 
(right side of eq. (24), Figure 15).  
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ࢂࢀ = ࡲ	 ∙ 	ࡷࢀ	 (25) 
ࡲ࢕࢖࢚ = 	ࢂࢀ ∙ ൫ࡷࢀ൯ା = ࢂࢀ ∙ ࡷ ∙ ൫ࡷࢀ ∙ ࡷ൯ିଵ (26) 
 
ࢂ࢕࢖࢚ࢀ (݇ଵ, ݇ଶ) = ࡲ࢕࢖࢚ ∙ ࡷࢀ(݇ଵ, ݇ଶ) (27) 
ܧ௧௢௧௔௟(݇ଵ, ݇ଶ) = ∑ ቂ൫ࢂ࢕࢖࢚ࢀ (݇ଵ, ݇ଶ) − ࢂࢀ൯௜,௝
ଶ ቃ௜,௝  (28) 
 
It is important to note here that in principle this SVD based and other related procedures 
are able to decompose a series of spectra recorded during a physicochemical process into the 
(unknown) pure spectra of the species involved by fitting with a physical model. For example it 
is successfully applied for complicated protolytic equilibria or analysis of time-resolved 
absorption spectra.[149-150] However, in case of an reversible photoreaction of the AB(2Φ)-type 
the pure photokinetic data do not contain enough information to fully determine parameters k1 
and k2 and thus to obtain the unknown spectrum of the isomer B.[143a] Instead, only the "pseudo 
rate" R = k1 + k2 is characteristic for a given series of photokinetic spectra.[141] 
Consequently, application of the outlined procedure to a series of spectra of DAE 3d 
recorded upon irradiation with 313 nm light (Figure 16a) gives no defined minimum for 
parameters k1 and k2 during the optimization step. A global analysis by systematic variation of 
the parameters reveals that all pairs of k1/k2 fulfilling the relation k1 = R – k2 fit the experimental 
data (Figure 16b). Using these pairs of k1/k2 the corresponding species associated spectra SAS 
can be calculated. Thus, under the premise that none of the parameters can be negative and the 
obtained spectra have to be positive or equal zero at any wavelength, for the unknown isomer B 
only a range of spectra can be defined which contains the true one (Figure 16c). 
 
Figure 16. SVD based evaluation of one set of photokinetic data of 3d (λirr = 313 nm). a) UV/Vis 
absorbance spectra of a solution of 3d in acetonitrile (c = 3.010-5 M) recorded under irradiation with 
313 nm light (I0 = 5.210-10 E s-1 cm-3, ferrioxalate actinometry) at 25 °C. Spectra were recorded every 
12 s. b) Global analysis of the total quadratic error Log(Etotal) according to equation (28) by systematic 
variation of k1 and k2 in steps of 100 M-1. The red cross marks the "true" values for k1/k2 as obtained from 
fitting with two photokinetic datasets (vide infra). c) Range of plausible spectra for the ring-closed isomer 
as calculated from the SAS matrix. 
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SVD based analysis of photokinetic data recorded with two different irradiation wavelengths 
To determine the spectra of the unknown isomers and the quantum yields from pure 
photokinetic data irradiation with a second wavelength is needed.[143a] Thereby, the assumption 
is made that quantum yields are wavelength independent. 
This assumption is originally used in "Fischer's method" that calculates the spectrum of 
the unknown isomer from the difference of absorbance in the PSSs that are reached under 
irradiation with two different wavelengths.[142] Thereby, the ratio of the molar absorptivities of 
the two isomers has to be different at the two irradiation wavelengths. However, relying solely 
on the absorbance in the PSS can be erroneous, in particular when the observed difference in 
absorbance is small or no stable PSS is reached due to by-product formation. Both is typically 
the case for DAEs. Furthermore, if a thermal back reaction has to be considered Fisher's method 
can only be applied using high light intensities or low temperatures.[151] 
Micheau and coworkers have shown that full evaluation of photochromic equilibria can 
be performed by simultaneous multi-variable curve fitting of several absorbance-time profiles 
recorded using two or more irradiation wavelength.[143b,152] For an AB(2Φ) system under 
irradiation with two different wavelengths ߣଵ	 and ߣଶ, five variables (ߝ஻ఒଵ, ߝ஻ఒଶ, ε୆௢௕௦, ߔ஺஻, ߔ஻஺) 
are unknown. They can be determined by simultaneously fitting at least 4 different absorbance-
time profiles (with the irradiation/observation wavelengths: ߣଵ/ߣଵ, ߣଵ/ߣ௢௕௦, 	ߣଶ/ߣଶ and ߣଶ/
ߣ௢௕௦). However, following this approach on experimental data of DAE 3d it was found that 
although one set of parameters could be identified to give the best fit, multiple local minima 
were found depending on the initial guess, which makes the fitting procedure unreliable. This is 
an intrinsic problem of multi-variable curve fitting with five free variables. 
Here it is shown that the application of SVD on photokinetic data recorded with two 
different irradiation wavelengths leads to the situation that only two unknowns (k1 and k2) have 
to be fitted simultaneously while the information on the molar absorptivities of the species is 
automatically obtained from the species associated spectra SAS. This greatly improves the 
reliability of the fitting procedure as only one global minimum is found, independent of the 
initial guess. Note that, in analogy to Fischer's method, wavelength independence of the 
quantum yields is assumed and the ratio of the molar absorptivities of the two isomers has to be 
different at the two irradiation wavelengths. 
From measurements using two different irradiation wavelengths ߣଵ	 and ߣଶ two series of 
photokinetic data Mλ1 and Mλ2 are obtained. Both are subjected to SVD, as described above, to 
yield truncated matrices U, S and VT for each set of data (equations (29) and (30)). At this point 
matrices U and S are combined to US. As both sets of photokinetic data originate from the same 
molecular species, the basic spectra collected in the matrices USλ1 and USλ2 have to be identical. 
Thus USλ2 is replaced by the product of USλ1 and a transformation matrix X. Combining X and 
܄ૃ૛܂  to a new matrix ܄ૃ૛,܋ܗܚܚ܂  allows for the representation of both sets of photokinetic data Mλ1 
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and Mλ2 by a matrix product of identical basic spectra ܃܁ࣅ૚ and two different basic kinetics ܄ૃ૚܂  
and ܄ૃ૛,܋ܗܚܚ܂  (right side of eq. (30)). The transformation matrix X is calculated using the 
pseudoinverse (܃܁ૃ૚)ା (eq. (31)). 
 
ࡹࣅ૚ ≈ ࢁࡿࣅ૚ ∙ 	ࢂࣅ૚ࢀ  (29) 
ࡹࣅ૛ ≈ ࢁࡿࣅ૛ ∙ 	ࢂࣅ૛ࢀ = ࢁࡿࣅ૚ ∙ ࢄ	 ∙ ࢂࣅ૛ࢀ = ࢁࡿࣅ૚ ∙ ࢂࣅ૛,ࢉ࢕࢘࢘ࢀ  (30) 
 
ࢄ = (ࢁࡿࣅ૚)ା ∙ ࢁࡿࣅ૛ = ൫ࢁࡿࣅ૚ࢀ ∙ ࢁࡿࣅ૚൯ି૚ ∙ ࢁࡿࣅ૚ࢀ ∙ ࢁࡿࣅ૛ (31) 
 
As described above, the basic kinetics ܄ૃ૚܂  and ܄ૃ૛,܋ܗܚܚ܂ 	can be transformed to a product 
F  KT with KT containing the concentration-time profiles obtained by numerical integration of 
rate equations and guessing starting values for the rate constants (equations (32) and (33)). This 
is done for the first set of photokinetic data assuming some values for k1 and k2, Fopt is 
determined according to eq. (26), and the matrix SAS is calculated. Note that for the second set 
of photokinetic data Fopt has to be identical, as in the end the same species associated spectra 
SAS shall be obtained. However, the kinetic model for the second dataset ۹ૃ૛܂ 	contains rate 
constants k3 and k4 which are different to k1 and k2 due to different absorbance of the species at 
the irradiation wavelength. Nevertheless, k3 and k4 are related to k1 and k2, respectively, by their 
molar absorptivities at λ1 and λ2 (equations (33) and (34)). Importantly, the information on 
molar absorptivites can be found in the species associated spectra SAS, already calculated from 
USλ1 and Fopt. 
 
 
ࡹࣅ૚ ≈ ࢁࡿࣅ૚ ∙ ࡲ࢕࢖࢚ ∙ 	ࡷࣅ૚ࢀ (݇ଵ, ݇ଶ) = ࡿ࡭ࡿ ∙ ࡷࣅ૚ࢀ (݇ଵ, ݇ଶ) (32) 












∙ ݇ଶ (35) 
 
Thus, the overall optimization procedure is the following: 
1) Starting values for k1 and k2 are guessed and ۹ૃ૚܂  is determined by numerical integration 
of rate equations (18a-b). 
2) Fopt is calculated according to eq. (26) using ܄ૃ૚܂ . 
3) ܃܁ࣅ૚ and Fopt are combined to yield species associated spectra SAS. 
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4) From the SAS matrix information on the molar absorptivities of the two species at the 
two irradiation wavelengths is taken to calculate k3 and k4 (eq. (34) and (35)), and hence 
to determine ۹ૃ૛܂  by numerical integration of rate equations (18a-b). 
5) The matrices ܄ܗܘܜ,ૃ૚܂  and ܄ܗܘܜ,ૃ૛܂  are calculated (eq. (36) and (37)) and the overall sum of 
quadratic errors Etotal is determined according to eq. (38). 
6) Etotal is minimized by variation of k1 and k2 and repetition of steps 1) - 5). 
 
ࢂ࢕࢖࢚,ࣅ૚ࢀ (݇ଵ, ݇ଶ) = ࡲ࢕࢖࢚ ∙ ࡷࣅ૚ࢀ (݇ଵ, ݇ଶ) (36) 
ࢂ࢕࢖࢚,ࣅ૛ࢀ (݇ଵ, ݇ଶ) = ࡲ࢕࢖࢚ ∙ ࡷࣅ૛ࢀ (݇ଷ, ݇ସ) (37) 
 
ܧ௧௢௧௔௟(݇ଵ, ݇ଶ) = ∑ ቂ൫ࢂ࢕࢖࢚,ࣅ૚ࢀ (݇ଵ, ݇ଶ) − ࢂࣅ૚ࢀ ൯௜,௝
ଶ ቃ௜,௝   
                               +∑ ቂ൫ࢂ࢕࢖࢚,ࣅ૛ࢀ (݇ଷ, ݇ସ) − ࢂࣅ૛,ࢉ࢕࢘࢘ࢀ ൯௜,௝
ଶ ቃ௜,௝   (38) 
 
The procedure was applied to two series of photokinetic data, the first under 313 nm 
(Figure 16a) and the second under 297 nm irradiation (Figure 17a). As can be seen from the 
irradiation spectra, molar absorptivities of the two isomers are fairly different at these two 
wavelengths. Importantly, SVD of both datasets and subsequent fitting of the kinetics provides a 
single global minimum for the parameters k1 and k2 (Figure 16b). The spectra of both isomers 
are obtained from the SAS matrix after the parameter optimization. Comparison of the 
calculated spectra with the spectra of the isolated isomers of 3d shows excellent agreement 
(Figure 16c). Finally the quantum yields are easily obtained by dividing k1 and k2 with molar 
absorptivities of the isomers at the irradiation wavelength, as given in the SAS matrix. 
 
Figure 17. SVD based evaluation of two sets of photokinetic data of 3d (λ1 = 313 nm, λ2 = 297 nm). 
a) UV/Vis absorbance spectra of a solution of 3d in acetonitrile (c = 3.010-5 M) recorded under 
irradiation with 297 nm light (I0 = 6.610-10 E s-1 cm-3, ferrioxalate actinometry) at 25 °C. Spectra were 
recorded every 12 s. b) Global analysis of the total quadratic error Log(Etotal) according to equation (38) 
by systematic variation of k1 and k2 in steps of 100 M-1 (k1) and 20 M-1 (k2). The red cross marks the 
minimum found during the optimization procedure. c) Comparison of spectra obtained from the SAS 
matrix after optimization and spectra of the isolated isomers of 3d. 
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4.2.8 Summary 
In order to quantify the photochromic isomerization reactions of DAEs, in particular the by-
product formation, a spectroscopic setup was assembled allowing for the precise recording of 
photokinetic data under simultaneous irradiation. For measuring the light intensity literature 
known chemical actinometry procedures were followed. A method was developed to determine 
the unknown spectra of the ring-closed and by-product isomers by separation of samples taken 
during the irradiation process using UPLC. The recorded diode array traces were carefully 
integrated and the thus calculated spectra were shown to excellently agree with the spectra of 
the isolated isomers in case of compound 3d.  
Quantum yields under UV irradiation for the single isomerization steps were assessed 
by evaluation of full absorbance-time profiles using numerical integration of the exact rate 
equations describing the photochromic system. Importantly, this procedure enables the precise 
determination of the quantum yield of by-product formation. An estimation of the experimental 
errors shows that the quantum yields for ring-closure and by-product formation possess relative 
uncertainties of ca. 10% and 20%, respectively, while the uncertainty of the quantum yield for 
ring-opening is significantly larger for a typical DAE. 
In order to find a general way for the quantification of photochromic compounds which 
possess a fast thermal back reaction or cannot be analyzed by UPLC, an SVD based analysis of 
pure photokinetic data was developed. While the information contained in one set of 
photokinetic data is not sufficient, the implementation of "Fischer's method", i.e. the utilization 
of two irradiation wavelengths under the assumption of wavelength independence of the 
quantum yields, allowed for the precise determination of the spectra of the unknown isomers of 
DAE 3d. Thereby, the SVD based analysis of the data significantly reduces the number of free 
variables compared to earlier reported methods based on multi-variable curve fitting. This 
makes the non-linear regression analysis much more robust and a unique best-fit is obtained. 
Currently the SVD based method is applied in the Hecht group to quantify the photochromic 
reactions of thermally reversible DAEs and spiropyrans. 
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4.3 Improving the fatigue resistance of diarylethenes21 
4.3.1 Introduction 
The fatigue of DAEs due to the formation of the annulated isomer, as described in section 2.1.3 
of this work, is an often disregarded feature of their photochromic behavior. In contrast, DAEs 
are generally described as highly fatigue resistant. However, during earlier studies on DAEs in 
the Hecht group, it was noted that the formation of the annulated isomer is a ubiquitous 
phenomenon for a large variety of DAE structures. Only if β-methyl substituted thiophenes or 
benzothiophenes are utilized as hetaryl moieties in combination with the perfluorocyclopentene 
bridge, highly fatigue resistant DAEs can be constructed.[18,51] 
As literature shows (see section 2.2), many interesting properties or functions can be 
implemented to DAEs by structural variation of the photochromic core itself, e.g. the 
incorporation of the bridging double bond into a reactive or catalytically active moiety, the use 
of a heteroaromatic ring as bridging moiety, or the use of any double bond containing structure 
instead of the parent thiophene or benzothiophene motif. Thus, it is of high importance to find a 
general strategy to impart fatigue resistance to DAE photochromes while maintaining a 
maximum degree of structural and synthetic flexibility. As a first step, the construction of 
fatigue resistant perhydrocyclopentene bridged DAEs is desirable due to their advantageous 
electronic properties and synthetic accessibility. 
To accomplish this goal, a precise quantitative analysis of the fatigue reaction is 
mandatory in order to establish distinct structure-property relationships. Therefore, the 
spectroscopic procedures outlined in the preceding section 4.2 were developed and applied on a 
series of DAEs obtained by systematic structural variation (Scheme 35). Starting with the parent 
dithienylperhydrocyclopentene structure 1 substituents on the phenyl rings were varied from 
strongly donating (4-Me2N, 1a) to strongly accepting (3,5-(CF3)2, 1i) moieties. To study the 
effect of the perfluorocyclopentene bridge, derivatives 2c, 2i, and 2j were prepared. In addition, 
thiazole analogues 3d, 3i and 4i as well as two non-symmetrically substituted 
dithienylcyclopentenes 5a and 5b were investigated. Last but not least, dithienylcyclopentene 6c 
was studied to determine the effect of the additional β-methyl group in the case the 
perhydrocyclopentene bridge is used. 
                                                 
21 Large parts of this section have been published: M. Herder et al,. J. Am. Chem. Soc. 2015, 137, 2738-
2747. 
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Scheme 35. DAE structures discussed in terms of their fatigue behavior. 
4.3.2 General fatigue behavior 
The typical spectral response of DAE switches upon irradiation with UV light is exemplarily 
shown in Figure 18 for the methyl substituted compound 1c. While the ring-open isomer 
possesses a strong absorbance in the UV range, upon irradiation with 313 nm light a new broad 
band centered at 522 nm builds up that is characteristic for the ring-closed isomer with its 
extended π-conjugation (Figure 18a). The fast growth of the visible band is completed after 60 s 
when a plateau is reached, i.e. the absorbance does not increase upon further UV illumination. 
This is the expected behavior for a photochemical equilibrium between the ring-open and ring-
closed isomer leading to a photostationary state (PSS). Importantly, when the sample after 
reaching the PSS is further subjected to UV illumination a slow decrease of the visible 
absorbance can be observed accompanied by a small hypsochromic shift of the band maximum 
(Figure 18b). Analysis of the irradiated solution by ultra-performance liquid chromatography 
(UPLC) reveals the emergence of a second photoproduct upon longer irradiation times 
(Figure 18d). In contrast to the formation of the ring-closed isomer this process is not reversible, 
i.e. upon visible light irradiation to induce the ring-opening reaction a weak absorbance in the 
visible range is retained and corresponds to the formed by-product. Although the observed by-
product formation seems to be very slow it leads to a significant loss of photochromic material 
already after few switching cycles, which consist of short UV-irradiation until reaching the 
(pseudo)PSS and subsequent visible light irradiation until no further spectral change can be 


























































4.3 Improving the fatigue resistance of diarylethenes 
81 
 
Figure 18. UV/Vis spectroscopy of an acetonitrile solution of 1c (2.3810-5 M, 25 °C): a) Irradiation with 
UV-light (310 nm, 1000 W Xe) until reaching maximum absorbance in the visible range. b) Prolonged 
UV-irradiation (310 nm, 1000 W Xe) after reaching maximum absorbance. c) Evolution of absorbance in 
the visible range during repetitive switching cycles consisting of alternating UV- (310 nm, 90 s, 1000 W 
Xe) and Vis- irradiation(> 500 nm, 600 s, 1000 W Xe). d) Evolution of UPLC-traces (absorbance 
monitoring by diode array detector integrated between 250 – 800 nm) upon continuous UV-irradiation 
(310 nm, 1000 W Xe). 
The identity of the formed by-product with the condensed ring system which was reported 
earlier by the group of Irie[51] (see section 2.1.3), was proven by its preparative isolation and 
subsequent NMR spectroscopic examination. While 1H NMR spectra of the ring-open and ring-
closed isomers of 1c show only one signal for the methyl groups attached to the reactive 
carbons, two separated singlets each integrating for 3 protons appear in the spectrum of the 
isolated by-product (Figure 19). Also in 13C NMR spectra two quaternary carbon signals are 
detected for 1c(bp) in contrast to 1c(c). Furthermore the cyclopentene protons give a 
complicated signal pattern, probably due to the highly strained structure of 1c(bp). 2D NMR 
spectroscopy proves the structure by unambiguous assignment of the observed signals and 
analysis of the coupling paths between the methyl groups, adjacent quaternary carbon atoms, 
and thiophene protons (see Figure A1-1 and Figure A1-2 in Appendix 1). Notably, the 
downfield shifted part of the 1H NMR spectrum of the by-product is nearly identical to that of 
the ring-closed isomer, which is an indication for their similar π-electronic structure.  
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Figure 19. Comparison of 1H NMR spectra (CDCl3, 500 MHz) of all isomers of 1c. 
From inspection of the irradiation spectra of all other DAE derivatives discussed here 
(collected in Appendix 2), it can be deduced that the fatigue exemplified in Figure 18 for 
compound 1c is a general feature of DAEs, independent of the nature of their aryl moieties or of 
their bridging unit.22 While, as discussed in section 2.1.3, the formation of the annulated ring-
system has been noted earlier for some dithienylethene derivatives, for DAEs bearing thiazoles 
as aryl moieties the formation of a by-product has not been reported yet. In contrast, they were 
originally characterized as highly fatigue resistant.[153] 
To prove that the photochemical by-product formed from dithiazolylethene 3d is 
structurally analogous to the thiophene counterpart, it has been isolated by irradiation and 
subsequent chromatography on a preparative scale. Again, 1H NMR spectroscopy shows signals 
for two magnetically inequivalent methyl groups (Figure 20) while 13C NMR shows two signals 
for quaternary carbon atoms at high field. Long range couplings observed in 2D NMR spectra 
are similar to those observed for the by-product of 1c (Figure A1-3 and Figure A1-4 in 
Appendix 1). Note that for all compounds reported in this study UPLC/MS analysis of 
irradiated samples verifies that the emerging by-product is an additional isomer of the parent 
structure possessing a m/z ratio identical to that of the respective ring-open and ring-closed 
forms. Given the close similarities between all compounds in the observed UV/Vis spectra and 
corresponding UPLC/MS traces it is assumed that in any case the fatigue of the photochrome is 
based on the formation of the same condensed ring-system as a by-product. Only in case of 
electron-rich dithienylcyclopentenes (1a-f and 5a-b) some additional unspecific by-product 
formation in the form of oxidation reactions can be detected by UPLC/MS (peaks corresponding 
                                                 
22 Note that besides cyclopentene and perfluorocyclopentene bridged DAEs discussed in this section also 
for DAE 7i, possessing an N-tert-butylmaleimide bridge, and DAEs 14 and 61, possessing an aromatic 
imidazole bridge, by-product formation upon UV irradiation was detected. See sections 4.5 and 4.7. 
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to [M+16]+ and [M+32]+). However, in argon saturated solutions the emergence of the 
rearranged isomer is much faster than photooxidation. 
 
Figure 20. Comparison of 1H NMR spectra (CDCl3, 500 MHz) of all isomers of 3d 
Interestingly, close inspection of UV/Vis spectra (Appendix 2) reveals subtle 
differences in the spectroscopic characteristics of the by-product when comparing 
dithienylethenes 1c, 1i, and 2i with their thiazole analogues 3d, 3i, and 4i. For all compounds 
both the ring-closed isomer and the by-product possess a very similar absorbance in the visible 
region due to analogous π-conjugation pathways throughout their molecular backbone. 
Nevertheless, the molar absorptivity of the by-product is significantly lower leading to the 
typical decrease of the absorption band upon prolonged UV irradiation. For thiophene 
derivatives the decrease is accompanied by a hypsochromic shift, which is more pronounced for 
electron deficient derivatives (Δλmax = 14 nm for 1d, Δλmax = 41 nm for 2i). However, thiazole 
derivatives show a bathochromic shift of 21 nm and 18 nm for 3d and 3i, respectively, or in the 
case of 4i λmax of the ring-closed form and the by-product are identical. 
To gain further insight into the spectroscopic characteristics calculations were 
performed on the prototype thiophene and thiazole containing structures 1c and 3d. Thereby a 
three step procedure previously used by Jacquemin and coworkers[154] for the modelling of 
electronic spectra of DAEs was followed: 
1 Full optimization of ground state energies on the B3LYP/6-311G(d,p) level of theory. 
The effect of acetonitrile as solvent was included using the polarizable continuum 
model (PCM). 
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2 Calculation of vibrational frequencies to prove that the optimized structure corresponds 
to a true minimum on the potential energy surface 
3 Computation of the first 20 singlet excited states using the vertical TD-DFT approach 
on the CAM-B3LYP/PCM(acetonitrile)/6-311+G(2d,p) and PBE0/PCM(acetonitrile)/ 
6-311+G(2d,p) levels of theory. 
It has been shown that CAM-B3LYP and PBE0 functionals give a good agreement between 
experimental spectra and calculated vertical transition energies of DAEs.[155] In the case of 1c 
and 3d CAM-B3LYP reproduced the experimentally observed λmax for all three isomers very 
accurately (Figure 21 and Figure 22) while the PBE0 functional significantly underestimates the 
transition energies (Figure A3-3, Figure A3-4, and Table A3-1 in Appendix 3). Nevertheless, 
both methods confirm a hypsochromic shift of λmax for 1c (11 nm with CAM-B3LYP / 15 nm 
with PBE0) and a bathochromic shift of λmax for 3d (24 nm with CAM-B3LYP / 21 nm with 
PBE0) when going from the ring-closed isomer to the by-product. The reduced oscillator 
strength of the lowest energy transition of the by-products is demonstrated as well.  
 
Figure 21. Experimental UV/Vis spectra of 1c (acetonitrile, 25 °C) and vertical transitions computed on 
the CAM-B3LYP/PCM(acetonitrile)/6-311+G(2d,p) level of theory: a) ring-open isomer, b) ring-closed 
isomer and by-product. 
 
Figure 22. Experimental UV/Vis spectra of 3d (acetonitrile, 25 °C) and vertical transitions computed on 
the CAM-B3LYP/PCM(acetonitrile)/6-311+G(2d,p) level of theory: a) ring-open isomer, b) ring-closed 
isomer and by-product. 
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Inspecting the optimized geometries one finds that the major difference between 
isomers of 1c and 3d lies in the twisting of the adjacent phenyl groups while deviations in the 
central hexatriene/cyclohexadiene core are small (strucutral parameters are collected in Table 7, 
see also Figure A3-1 and Figure A3-2 in Appendix 3). In general, the dihedral angle θ between 
thiophenes and phenyl rings in 1c is larger for all isomers than that between thiazoles and 
phenyl rings in 3d. Importantly, θ increases on going from the ring-closed isomer to the by-
product due to increased steric repulsion by expanding the former thiophene/thiazole 
5-membered to a 6-membered ring. While for 3d the increase is moderate (θ = 4° for the ring-
closed isomer / θ = 20° for the by-product) it is larger for 1c (θ = 13° for the ring-closed isomer 
/ θ = 40° for the by-product). Thus, a smaller increase of the dihedral angle of 3d due to less 
steric repulsion by the nitrogen atom may lead to a better delocalization of π-electron density 
resulting in the experimentally observed bathochromic shift while a stronger twisting of the 
phenyl group shifts the absorbance maximum of the by-product of 1c to shorter wavelengths. 
This can easily be visualized by re-optimization of the structure of 3d(bp) using frozen dihedral 
angles θ and subsequent calculation of the vertical transitions. Upon increasing the dihedral 
angle beyond the value of the minimum structure, the lowest energy vertical transition is 
significantly shifted to higher wavelengths (Figure 23). 
Table 7. Geometric parameters of optimized structures of 1c and 3d on the B3LYP/PCM(acetonitrile)/ 
6-311G(d,p) level of theory.  
 
 1c(o) 1c(c) 1c(bp) 3d(o) 3d(c) 3d(bp) 
E a   
/ kJ mol-1 0 48.92 92.03 0 45.61 123.56 
rC1-C6 / Å 3.64 1.54 1.53 3.63 1.54 1.53 
φ1 / φ2  50.2° / 49.2° 7.6° / 7.4° -5.9° / 5.9° 49.0° / 48.3° 7.2° / 6.8° -5.2° / 5.2° 
θ1/ θ2  -25.6° / -25.4° 13.6° / 12.2° 36.9° / -36.9° -4.4° / -5.5° 3.4° / 3.5° 19.9° / -19.9°
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Figure 23. Vertical transitions (CAM-B3LYP/PCM(acetonitrile)/6-311+G(2d,p)) of 3d(bp) computed 
from structures optimized at the B3LYP/PCM(acetonitrile)/6-311G(d,p) level of theory with frozen 
dihedral angles θ1/ θ2. 
4.3.3 Quantification of by-product formation 
Along the whole series of DAE derivatives possessing electronically different substitution 
patterns significant differences in the rate of by-product formation have been observed. At first 
glance a good indication for the performance of a switch is the amount of by-product formed 
after a certain time of UV irradiation under comparable conditions, which can readily be 
determined by UPLC. Although this can only serve as a crude estimate since the exact amount 
of by-product depends on the sample concentration, molar absorptivities at the irradiation 
wavelength, and quantum yields for all photochemical reactions, the obtained conversions 
clearly show a strong correlation of the fatigue behavior on the substitution pattern (Figure 24, 
Table 8). After 30 min of high intensity UV irradiation using a 1000 W Xe arc lamp together 
with a 310 nm interference filter the most electron rich dithienylethenes 1a-1d bearing 
perhydrocyclopentene bridges and electron donating or electron neutral substituents on the 
adjacent phenyl rings are almost quantitatively converted to the by-product. For analogous 
compounds possessing substituents with increasing acceptor strength, e.g. bromine (1e), 
fluorine (1f), ester (1g), or trifluoromethyl (1i) groups, the yield of by-product is more and more 
suppressed down to a minimum amount of ca. 6% for compound 1i. Notably, structurally 
analogous DAEs of the thiophene and thiazole series possess a comparable fatigue resistance. 
Introduction of the perfluorocyclopentene bridge strongly reduces by-product formation for 
donor or electron neutral substituted compounds while no further suppression is observed for 
trifluoromethyl substituted compound 2i when compared to the respective 
perhydrocyclopentene 1i. 
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Figure 24. Amount of by-product built upon 30 min of UV irradiation (310 nm, 1000 W Xe, 
I0 = 5.6710-9 E s-1 cm-3 determined by ferrioxalate actinometry) of acetonitrile solutions (c = 2.510-5 M) 
of diarylethenes 1a-6c. 
In order to obtain more precise information on the dependency of fatigue behavior on 
the substitution pattern a precise quantification of the rate of by-product formation is needed. 
Therefore, molar absorptivities of all isomers were determined using a combination of UV/Vis 
spectroscopy and UPLC, as described in detail in section 4.2.5 of this work. Quantum yields for 
all photochemical steps involved in the isomerization and fatigue reaction have been determined 
by means of measurement of absorbance time profiles under continuous UV irradiation and 
their evaluation by numerical nonlinear regression, as discussed in detail in section 0. As a 
kinetic model for the nonlinear regression a photochromic ABC(3Φ) system was assumed, 
consisting of a photochemical equilibrium between species A and B and a subsequent 
irreversible photochemical reaction from species B to C. By fitting the theoretical model to the 
experimental data quantum yields ΦAB for ring-closure, ΦBA for ring-opening, and ΦBC for by-
product formation were obtained (Table 8). Note that assuming a different model with the by-
product being formed parallel to the ring-closed isomer by excitation of the ring-open isomer 
does not lead to a satisfying fit of the experimental data in accordance to previous findings.[53g]  
Quantum yields for ring-opening and ring-closure 
The data in Table 8 show that the majority of the investigated compounds possess the expected 
photochemical behavior of DAEs substituted with methyl groups and phenyl rings at the inner 
and outer α-positions of the hetaryl groups, respectively.[11b,19b] Quantum yields for ring-closure 
are in the range of 0.4 – 0.6 reflecting the thermal equilibrium between the parallel and 
antiparallel conformer of the ring-open isomer, with only the latter being photoactive.[8a] 
Quantum yields for ring-opening are more than one magnitude smaller and strongly 
wavelength-dependent, i.e. the ring-opening reaction performed upon irradiation with visible 
light proceeds much more slowly than the reaction with UV light.[11a,42] Due to the ratio of 
ΦAB : ΦBA the amount of ring-closed isomer in the PSS generally exceeds 90%, although both 
isomers absorb UV light.  
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Table 8. Photochemical properties of investigated diarylethenes in acetonitrile. 
comp. 
λmax / nm 









































































































































a) Amount of ring-closed isomer in the (pseudo)PSS reached after UV-irradiation (310 nm, 1000 W Xe), obtained 
by UPLC. 
b)  Amount of by-product after 30 min of UV-irradiation (310 nm, 1000 W Xe), obtained by UPLC. 
c)  Quantum yields obtained by nonlinear regression of photokinetic data under UV-irradiation (313 nm, 500 W 
Xe(Hg), ferrioxalate actinometry). 
d) Ring-opening quantum yields under visible light irradiation (546 nm, 500 W Xe(Hg), Aberchrome 670 
actinometry) obtained from the initial slope of photoconversion. 
 
Only compounds 1a and 5a deviate from the described behavior, with the former 
possessing a slightly larger quantum yield for ring-closure of 0.74 and the latter showing a 
significantly reduced photoreactivity with ΦAB being only 0.05. Whereas a differing population 
of the antiparallel and parallel conformers in the electronic ground state may serve as 
explanation for these deviations, for compound 5a an electronic reason due to the pronounced 
donor-acceptor character of the π-electronic system seems plausible as well. This is manifested 
in the fact that quantum yields for both ring-closure and ring-opening are reduced by 
approximately one order of magnitude. In addition, compound 5a shows a strong bathochromic 
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shift of the absorption bands of all three isomers pointing to a charge transfer character of the 
excitation. 
Quantum yields for by-product formation 
The measured quantum yields for by-product formation (Table 8) confirm the 
qualitatively observed trends. The largest values for ΦBC are found for donor substituted and 
unsubstituted dithienylethenes possessing the perhydrocyclopentene bridge (1a-1d) with values 
between 0.007 – 0.013. Thus, for these structures the rate of by-product formation is in the same 
order of magnitude as the rate of the ring-opening reaction leading to the observed fast depletion 
of the photochromic material under continuous UV irradiation and high irreversibility during 
full switching cycles (Figure 18c, Figure 25). A comparison between structures 1d and 3d 
shows that employing less electron-rich thiazoles instead of thiophenes increases the fatigue 
resistance only marginally. In contrast, the perfluorination of the cyclopentene bridge has a 
much larger effect. Compared to perhydrocyclopentene 1c ΦBC is reduced by a factor of 15 to a 
value of 0.0006 for perfluorocyclopentene 2c. 
Importantly, in the perhydrocyclopentene series by-product formation is suppressed to 
the same degree by introduction of acceptor groups on the adjacent phenyl rings. While a small 
effect is observed for substitution with p-bromophenyl groups (1e) and pentafluorophenyl 
groups (1f), substitution with an ester group in para position of the phenyl ring (1g), exerting a 
–M effect, reduces ΦBC to a value of 0.001. An exceptional improvement of the fatigue behavior 
is found when chemically inert trifluoromethyl groups, exerting a strong –I effect, are attached 
at the meta positions of the phenyl rings. With ΦBC = 0.0004 for compound 1i by-product 
formation is suppressed by a factor of 20-30 when compared to the unsubstituted or donor 
substituted analogues 1a-1d. Importantly, the CF3 substitution does not alter the rates of the 
desired photochemical isomerization reactions between the ring-open and ring-closed isomer 
and has only minor influence on the electronic spectra (see Appendix 2). The positive effect of 
the 3,5-bis(trifluoromethyl)phenyl groups can be observed in the dithiazolylethene series as 
well. However, compared to the parent structure 3d the quantum yield of by-product formation 
of compound 3i is reduced by only a factor of 3. The combination of the 
3,5-bis(trifluoromethyl)phenyl substituents with the perfluorocyclopentene bridge in DAE 
structures 2i and 4i gives a further reduction of ΦBC only in case of the thiazole containing 
compound. In the thiophene series the performances of the perhydro- and perfluorocyclopentene 
switches 1i and 2i are very similar. The large improvement of fatigue resistance for structures 
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Figure 25. Evolution of absorbance in the visible range upon alternating UV- (310 nm, 90 s, 1000 W Xe) 
and Vis- (> 500 nm, 600 s, 1000 W Xe) irradiation of acetonitrile solutions of compounds a) 1b, b) 1d, 
c) 1i, d) 2i, e) 3d, f) 3i, and g) 4i. 
In an attempt to further suppress by-product formation by substitution with strong 
acceptor groups compound 2j was synthesized, possessing pentafluorosulfanyl groups. 
Compared to CF3 the SF5 group is an even stronger electron acceptor while being structurally 
related and chemically inert.[156] In fact, comparing structures 2i and 2j by introduction of SF5 
groups ΦBC is further reduced by a factor of 2. Thus far, compound 2j shows the highest fatigue 
resistance of all DAE structures investigated during this work. Note that similar to CF3 groups 
SF5 substitution only marginally alters the photochromic properties of the parent unsubstituted 
compound. 
Given the outstanding performance of CF3 and SF5 substituted DAEs in terms of fatigue 
resistance it was speculated that it could be sufficient to functionalize only one hetaryl terminus 
of the structure with this motif while still suppressing by-product formation. This would enable 
a flexible choice of the structure of the second terminus, thus allowing for implementing any 
desired chemical functionality to be modulated by the photochromic reaction. To answer this 
question unsymmetrically substituted dithienylethenes 5a and 5b were synthesized possessing 
the 3,5-bis(trifluoromethyl)phenyl group on one thiophene ring and a 4-N,N-dimethylamino or 
4-methoxy substituted phenyl group on the other. In terms of fatigue this substitution pattern 
combines one of the best-performing acceptor with poor-performing donor substituents. Besides 
the modulation of the rates of ring-closure and ring-opening in case of compound 5a (vide 
supra) it was found that for both structures by-product formation is strongly suppressed 
compared to the symmetrically donor substituted compounds. This strategy of using a 
nonsymmetrical substitution pattern to implement fatigue resistance via the 
3,5-bis(trifluoromethyl)phenyl group on one side and a functional moiety on the other side of 
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the DAE was recently applied in the Hecht group to remote-control of the reactivity of a furan 
in a Diels-Alder reaction.[100c,157] Importantly, in this particular case a perfluorinated bridge 
could not be used to provide improved fatigue resistance for electronic reasons as it would 
significantly reduce the Diels-Alder reactivity of the attached furan. This nicely demonstrates 
the power of imparting fatigue resistance via the DAE termini and not the bridge. 
The second previously known strategy to impart fatigue resistance to DAEs making use 
of β-methyl substituted thiophenes was reported only for compounds possessing the 
perfluorocyclopentene bridge.[51] To test if the β-methyl substituent has an effect on the fatigue 
behavior when other bridges are used, the photochemistry of compound 6c, possessing β-methyl 
substituted thiophenes and the perhydrocyclopentene bridge, was investigated. In fact, 6c shows 
significant by-product formation with a quantum yield only slightly lower than that of 
compound 1c without β-methyl substituents. This finding supports theoretical investigations,[56] 
which attribute the lack of fatigue of β-methyl substituted dithienylperfluorocyclopentenes to 
steric hindrance between the β-methyl group and the fluorine atoms, which are not present in 
compound 6c. 
Solvent and wavelength dependence of ΦBC 
The photochemistry of dithiazolylethene 3d was investigated in different solvents and under 
different irradiation conditions (Table 9). Using solvents with lower polarity than acetonitrile 
causes a small increase of the quantum yield for ring-closure, while quantum yields for ring-
opening as well as by-product formation are not altered. Interestingly, quantum yields for all 
three isomerization reactions are not affected within the error of measurement by the choice of 
the irradiation wavelength in the UV range. For photochemical ring-closure of DAEs the 
insensitivity to the irradiation wavelength was expected.[42] The previously observed wavelength 
dependence of the quantum yield for the ring-opening process[11a,42] is manifested in the much 
lower values for excitation with visible light (Table 8), yet probably could not be resolved in the 
experiments within the UV range due to the high statistical error of this parameter. 
In accordance to previous reports[51,53g] it is found that by-product formation is not 
induced by irradiation of the ring-closed isomer using visible light. This can be shown by using 
a purified photostationary mixture of 3d, which was obtained by preparative irradiation of 3d(o) 
with UV light and subsequent column chromatographic separation of the by-product. The 
purified photostationary mixture was subjected to visible light irradiation at 546 nm (Figure 26). 
Assuming the same ratio ΦBC/ΦBA, which is observed under UV irradiation, for the visible light 
irradiation experiment, one would expect that ca. 10-20% of the material converts to the by-
product upon photolysis of the ring-closed isomer at 546 nm. However, UPLC traces recorded 
before and after the experiment show that no by-product is formed. Furthermore, UV/Vis 
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spectra show the complete depletion of the absorbance in the visible range, indicative for 
quantitative ring-opening. 
The lack of by-product formation upon visible light irradiation may be ascribed to a 
thermal barrier in the S1 excited state making excitation to a higher excited state by UV light 
necessary to deliver sufficient kinetic energy upon internal conversion to the S1 state to 
overcome the barrier (see section 2.1.3).[45] Thus, one would also expect a dependence of the 
quantum yield for by-product formation on the wavelength within the UV range. However, it is 
found that ΦBC is essentially wavelength independent between 297 and 334 nm (Table 9). 
 
Table 9. Solvent and wavelength dependence of quantum yields of compound 3d. 
solvent λirr PSSa ΦABb ΦBAb ΦBCb 





























a)  Amount of ring-closed isomer in the (pseudo)PSS reached 
after UV irradiation (310 nm, 1000 W Xe), obtained by UPLC.
b)  Quantum yields obtained by nonlinear regression of photo-




Figure 26. a) UV/Vis spectra of a purified photostationary mixture of 3d(o) and 3d(c) in acetonitrile 
during irradiation with 546 nm light (500 W Xe(Hg)). Inset: Corresponding absorbance-time profile. b) 
UPLC traces (diode-array detector integrated between 250-800 nm) of the photostationary mixture before 
irradiation (top), after irradiation with 546 nm light (middle), and after subsequent irradiation with 
313 nm light (1000 W Xe). 
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4.3.4 By-product formation in the triplet excited state? 
From the theoretical standpoint[45] it seems possible, that by-product formation is induced by 
intersystem crossing of the excited state, facilitated by the presence of sulfur atoms, and 
subsequent relaxation of the triplet species to a different conical intersection than that leading to 
ring-opening. To address this question the fatigue behavior of compound 1c in the presence of 
triplet sensitizers was investigated. Note that the triplet sensitized cyclization reaction of DAEs 
is well known in the literature (see section 2.1.2). 
Butane-2,3-dione (biacetyl, BA) was chosen as an intermolecular sensitizer undergoing 
quantitative intersystem crossing (ΦISC = 1[158]). It can be selectively excited at 405 nm in the 
presence of the ring-open or ring-closed isomers of 1c. Although its absorption is red shifted to 
that of the ring-open isomer of 1c the triplet energy of BA is within the range of the triplet 
energy of 1c(o) which was estimated by TD-DFT calculation (Table 10). Thus, effective triplet 
energy transfer from BA to the ring-open isomer of 1c can be expected. 
In fact, irradiation of a thoroughly degassed mixture of 1c and excess BA in acetonitrile 
with 405 nm light results in efficient formation of the ring-closed isomer (Figure 27a). 
Importantly, when irradiating 1c alone or the mixture of 1c and BA in the presence of oxygen 
no changes in the absorption spectra can be observed. A significant difference in the rate of 
conversion can be observed comparing a sample that was thoroughly degassed by freeze-pump-
thaw cycles and one that was only treated with a stream of argon for 10 min (Figure 28a). The 
observed impact of traces of oxygen and the fact that in presence of the ring-open isomer of 1c 
the phosphorescence of BA is quenched (Figure 27b) proves the involvement of triplet species 
and the efficient energy transfer from the BA moiety to the DAE.  
Table 10. Experimental and calculated singlet and triplet energies of 1c, BA, and MB. 







1c(o)b 4.05 eV  (306 nm) 
4.21 eV  
(294 nm)  
2.52 eV  
(492 nm) 
1c(c)b 2.37 eV  (523 nm) 
2.36 eV  
(526 nm)  
0.71 eV  
(1736 nm) 
1c(bp)b 2.44 eV  (508 nm) 
2.42 eV  
(513 nm)  
0.88 eV  
(1411 nm) 
BA 
2.83 eV  
(438 nm)b 
2.77 eV  
(448 nm)d 
 
2.55 eV  
(486 nm)c 




1.89 eV  
(656 nm)b 
1.87 eV  
(665 nm)d 
 
1.43 eV  
(867 nm)d  
a)  TD-DFT/PCM(acetonitrile)/CAM-B3LYP/6-311+G(2d,p). 
b)  from absorbance spectrum in acetonitrile. 
c)  high energy onset of phosphorescence spectrum in acetonitrile. 
d)  “in polar solvent”, taken from reference [158]. 
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Figure 27. a) UV/Vis spectra recorded during irradiation with 405 nm light (500 W Xe(Hg), 
I0 = 7.2910-10 E s-1 cm-2) of a solution of 1c (c = 3.110-5 M) and biacetyl BA (c = 1.010-2 M) in 
acetonitrile, degassed by three freeze-pump-thaw cycles. b) Absorbance and emission (λexc = 416 nm) 
spectra of biacetyl BA (c = 5.710-3 M) and a mixture of 1c (c = 3.110-5 M) and BA (c = 5.710-3 M) in 
acetonitrile. 
 
Figure 28. a) Evolution of visible absorbance of a mixture of 1c (c = 3.110-5 M) and biacetyl BA 
(c = 1.010-2 M) in acetonitrile, degassed by three freeze-pump-thaw cycles or by passing a slow stream of 
argon through the solution for 10 min, respectively, during irradiation with 405 nm light (500 W Xe(Hg), 
I0 = 7.2910-10 E s-1 cm-2) as well as of a solution of 1c (c = 3.110-5 M) in acetonitrile during irradiation 
with 313 nm light (500 W Xe(Hg), I0 = 1.2510-9 E s-1 cm-2). b) UPLC traces (diode array detector 
integrated between 250 nm – 800 nm) of samples of 1c/BA and 1c taken at the end of the irradiation with 
405 nm and 313 nm light, respectively. 
Due to the low absorbance of BA the absolute rate of conversion to the ring-closed 
isomer via the triplet pathway is relatively low compared to the isomerization of 1c alone with 
313 nm light (Figure 28a). However, determination of an effective quantum yield for the 
cyclization at 405 nm with the initial slope method gave a surprisingly high value of 
ΦAB,eff = 0.40. Of course this value is highly dependent on concentrations, light intensity, and 
triplet lifetimes due to the bimolecular triplet energy transfer process. Nevertheless, the fact that 
the effective quantum yield of the sensitized ring-closure in this experiment is as high as the 
quantum yield for ring closure by direct excitation with 313 nm light (ΦAB = 0.43, see Table 8) 
shows that the cyclization reaction of 1c within the triplet state is highly efficient. Kinetic traces 
recorded during irradiation of 1c alone with 313 nm light or the mixture of 1c and BA with 
405 nm light both show the emergence of a (pseudo)PSS with a subsequent decrease of the 
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absorbance in the visible range. However, UPLC analysis of the irradiated samples reveals that 
the by-product is exclusively formed upon excitation with 313 nm light (Figure 28b). Note that 
the decrease in absorbance during the sensitized cyclization can be attributed to residual traces 
of oxygen in the degassed solution, being transformed into singlet oxygen by the sensitizer and 
thus unspecifically degrading the DAE. 
In a second experiment methylene blue (MB, ΦISC = 0.52[158]) was used to sensitize the 
formation of the triplet selectively for the ring-closed isomer of 1c, whose triplet energy was 
calculated to lie way below that of MB (Table 10). Importantly, MB can be selectively excited 
at longer wavelengths than 1c(c), thus preventing (singlet) resonance energy transfer. As 
expected, during irradiation of a mixture of 1c(o) and MB or a mixture of 1c(c) and MB with 
654 nm light no changes in the absorbance spectra could be observed (Figure 29). While triplet 
energy transfer from MB to 1c(o) is not possible and thus no reaction can take place, the latter 
result points to the inability of the triplet excited state of the ring-closed isomer either to 
undergo ring-opening or to form the by-product. For the ring-opening reaction this has been 
attributed earlier to the presence of a barrier on the triplet reaction pathway.[48b] From the 
photochemistry of the singlet excited state of the ring-closed isomer can be deduced that the 
barrier for by-product formation is even higher than the barrier for ring-opening[45] as excess 
energy in terms of excitation with UV light is needed. In analogy to ring-opening, by-product 
formation in the triplet excited state following the same pathway would not be expected.  
The singlet and triplet pathways for the isomerization and by-product formation of 
DAEs are summarized in Scheme 36. It shows that the sensitized cyclization of a DAE via its 
triplet state in combination with low energy excitation of the ring-closed isomer for the reverse 
ring-opening reaction may represent an alternative way to guarantee high fatigue resistance 
while efficiently operating the switch, given strict oxygen-free conditions are applied. 
 
Figure 29. UV/Vis spectra recorded during irradiation with 654 nm light (500 W Xe(Hg)) of a solution of 
1c (c = 3.110-5 M) and methylene blue MB (1.510-5 M) in acetonitrile, degassed by passing a slow 
stream of argon through the solution for 10 min, a) before and b) after irradiation with 313 nm light to 
induce ring-closure. 
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Scheme 36. Singlet and triplet pathways for the isomerization and by-product formation of diarylethenes 
(S = triplet sensitizer). 
 
4.3.5 Electronic effects of the substituents 
To estimate the effects of the substituents on the DAEs’ electronic structure cyclic voltammetry 
was performed. Cyclic voltammograms of all compounds are collected in Appendix 4. 
Perhydrocyclopentene substituted dithienylethenes 1a-1e, 5a, 5b, and 6c show the expected 
electrochemical behavior consisting of an irreversible oxidation of the ring-open isomer 
followed by the appearance of cathodic waves at similar potentials as the two reversible 
oxidations of the respective ring-closed isomers, which indicates a thermal cyclization reaction 
(see section 2.1.4).23 For the acceptor substituted analogues 1f, 1g, and 1i the oxidative 
cyclization cannot be observed. The same holds for thiazole substituted compounds 3d and 3i. 
For the perfluorocyclopentene derivatives an oxidative cyclization takes place only for the most 
electron-rich derivative 2c. Reductions, which are generally observed within the accessible 
potential range for all ring-closed isomers and only for acceptor substituted ring-open isomers, 
do not induce isomerization reactions. 
Peak potentials (against Fc/Fc+) reported in Table 11 show that by changing the 
substitution pattern the electron density within the π-electronic system is varied over a broad 
range. Thus, ring-open isomers become oxidized between 0.13 V in case of strong donor 
substitution (1a) and around 2.00 V in case when the perfluorocyclopentene bridge is used (2i, 
2j, 4i). The same trend is observed for ring-closed isomers with their first oxidation potential 
Epa1 between -0.37 V (1a) and 1.35 V (4i). In particular, oxidation potentials of ring-closed 
isomers may relate with the observed trends in the fatigue behavior of the photochromes. In 
fact, starting from the parent dithienylcylopentene 1c, the largest effect on oxidation potentials 
                                                 
23 For all compounds oxidative cyclization was further proven by performing two consecutive cyclic 
voltammetric scans on the ring-open isomer. Upon the second scan anodic waves corresponding to the 
ring-closed isomer are observed. 
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has the perfluorination of the cyclopentene bridge shifting Epa1 of the ring-closed isomer by 
520 mV (1c vs. 2c) to more positive values, accompanied by the massive improvement of 
fatigue resistance. Introduction of CF3 groups in 1i, exerting the same effect on the fatigue, 
gives a potential shift of 260 mV. Comparing 1i and 2i one finds again a shift of 520 mV arising 
from the perfluorination of the bridge, nevertheless there is no difference in the rate of by-
product formation between these two structures. The replacement of CF3 with SF5 groups, 
giving rise to the structure with the lowest rate of by-product formation, is accompanied by a 
further increase of the oxidation potential by 110 mV. 
In contrast to this general trend, the thiazole containing structure 3d becomes oxidized 
at slightly higher potentials than 1i, although showing a much higher rate of by-product 
formation. Again, introduction of CF3 groups in 3i shifts the potential by 210 mV. 
 
Table 11. Anodic and cathodic peak potentials determined by cyclic voltammetry in acetonitrile. All 
values are reported against the ferrocene/ferrocenium redox couple as external standard. 
comp. 
open isomer closed isomer 
Epa1 / V Epc1 / V Epa1 / V Epa2 / V Epc1 / V 
1a 0.13 < -2.80 -0.37 - -2.40 
1b 0.62 < -2.80 -0.07 0.06 -2.30 
1c 0.79 < -2.80 -0.02 0.20 -2.25 
1d 0.79 < -2.80 0.03 0.27 -2.17 
1e 0.81 -2.86 0.07 0.31 -2.18 
1f 1.08 -2.79 0.29 0.55 -1.90 
1g 0.87 -2.48 0.13 0.39 -1.87 
1i 1.08 < -2.80 0.24 0.53 -1.84 
2c 1.08 -2.53 0.50 - -1.56 
2i 1.79 -2.40 0.76 - -1.27 
2j > 2.00 -2.63 0.87 1.02 -1.20 
3d 0.84 -2.85 0.40 0.61 -1.99 
3i 1.06 -2.38 0.61 0.88 -1.61 
4i > 2.00 -2.11 1.35 - -1.08 
5a 0.22a -2.71 -0.13 0.09 -2.02 
5b 0.74 < -2.80 0.05 0.28 -2.02 
6c 0.77 < -2.80 -0.02 0.22 -2.45 
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Another example showing that there is no straightforward correlation between 
electrochemical oxidation potentials and photochemical fatigue is the pentafluorophenyl 
substituted compound 1f. It was synthesized with the expectation that the pentafluorophenyl 
group would have a similar effect as the 3,5-bis(trifluoromethyl)phenyl group in 1i. Indeed, 
both structures are oxidized at very similar potentials in the ring-open and ring-closed state. 
However, for 1f the quantum yield for by-product formation is larger by more than one order of 
magnitude. 
DFT calculations on the B3LYP/6-31G(d) level of theory were performed to estimate 
the influence of the substituents on the geometry and relative ground state stability of the three 
isomers. Therefore, the hypothetical derivatives 1j (R = 3,5-(SF5)2), 2d (R = H), and 3c 
(R = Me) were also included. Remarkably, in all cases except for DAE 1f24 the geometry 
optimization led to very similar structures of the DAE cores independent of the substituents on 
the phenyl rings, with only small, non-systematic variations in geometric parameters such as 
dihedral angles, the distance between the ring-closing carbons, or the lengths of the C-S bonds 
(Table 12). Computed NICS values[159] of the thiophene or thiazole rings in the ring-open 
isomers, indicative for their aromatic stabilization energy, also show only minimal variation 
upon exchange of substituents (Table 12). However, ground state energies of the ring-closed 
isomers and by-products, relative to the respective ring-open isomers, slightly rise within a 
series of similar structures by going from donor to acceptor substitution (Figure 30, Table 12). 
While the by-products are generally much less stable than the ring-closed isomers, their further 
destabilization by acceptor substitution may lead to an increased fatigue resistance. 
Nevertheless, comparing the different series (cyclopentene vs perfluorocyclopentene and 
thiophene vs. thiazole switches) it is obvious that for compounds experimentally possessing 
similar fatigue behavior (e.g. 1i and 2i) the stabilities of the by-products are very different. 
Thus, more advanced quantum mechanical calculations concerning stabilities in the excited 
state and reaction barriers will be needed to rationalize the experimental trends. 
                                                 
24 For the pentafluorophenyl substituted DAE 1f ground state geometries of the ring-closed isomer and 
by-product significantly deviate in the dihedral angle θ between the thiophene and phenyl ring. With 
values of 28° and 61° for 1f(c) and 1f(bp), respectively, θ is significantly increased compared to other 
dithienylethenes showing values between 12-21° and 35-38°, respectively. This is also reflected in 
increased relative ground state energies for the ring-closed isomer and by-product. Strong twisting of the 
pentafluorophenyl group may also explain the hypsochromically shifted UV/Vis spectra experimentally 
observed for all isomers of 1f.  
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Table 12. Energies, geometrical parameters, and NICS values of DFT-optimized structures on the 
B3LYP/6-31G(d) level of theory. 
 
comp.  ring-open isomer  ring-closed isomer  by-product 
 
 rC1-C6 






/ Å  
Ea 





1a  3.651 -9.75 -7.66  43.23 1.546 1.874  88.03 1.537 1.872 
1b  3.658 -9.83 -7.77  47.44 1.545 1.874  89.66 1.537 1.872 
1c  3.664 -9.79 -7.80  49.07 1.546 1.875  91.53 1.537 1.872 
1d  3.666 -9.79 -7.81  50.62 1.545 1.875  92.30 1.537 1.872 
1e  3.657 -9.84 -7.87  50.32 1.545 1.875  91.62 1.537 1.872 
1f  3.664 n.d. n.d.  66.72 1.545 1.873  108.90 1.538 1.874 
1g  3.661 -9.64 -7.79  51.65 1.546 1.874  93.75 1.536 1.872 
1i  3.669 -9.75 -7.85  53.00 1.545 1.876  92.87 1.538 1.873 
1j  3.672 -9.74 -7.87  54.34 1.545 1.876  93.65 1.538 1.874 
2c  3.674 -9.90 -7.86  54.35 1.548 1.870  110.40 1.533 1.872 
2d  3.676 -9.90 -7.87  56.90 1.548 1.871  112.32 1.533 1.872 
2i  3.687 -9.89 -7.94  63.43 1.548 1.872  117.83 1.534 1.873 
2j  3.693 -9.90 -7.97  67.05 1.548 1.873  120.40 1.535 1.874 
3c  3.642 -8.44 -7.96  40.76 1.546 1.864  121.03 1.530 1.868 
3d  3.647 -8.44 -7.99  42.15 1.546 1.865  121.77 1.530 1.868 
3i  3.644 -8.55 -8.15  46.12 1.545 1.866  121.85 1.530 1.870 
a)  Energy relative to ring-open isomer including zero-point correction. 
 
 
Figure 30. Energies (including zero-point corrections) of ring-closed isomers and by-products, relative to 
the corresponding ring-open isomers, as obtained from DFT calculations on the B3LYP/6-31G(d) level of 
theory. Calculations were also performed on the hypothetical derivatives 1j, 2d, and 3c. Compound 1f 
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4.3.6 Summary 
A detailed investigation of the photochemistry of a series of DAEs, systematically varying the 
nature of the hetaryl moieties, the substituents on the adjacent phenyl rings, and the bridging 
moiety, allowed for the identification of the previously known annulated by-product as the 
major source of fatigue appearing ubiquitously over the broad range of structures. Photokinetic 
measurements and evaluation of quantum yields for the elementary photochemical processes 
revealed a strong dependency of the rate of by-product formation on the electronic properties of 
the substituents. It appears that the more and the stronger electron-accepting units are 
introduced to the parent structure the less fatigue due to formation of the annulated isomer is 
observed. While the stabilizing effect of the perfluorocyclopentene compared to 
perhydrocyclopentene bridge was recognized earlier, it is found that in the latter structures an 
equally high fatigue resistance can be imparted by substitution with 
3,5-bis(trifluoromethyl)phenyl groups. By exchanging CF3 with SF5 groups a further 
improvement can be observed, making compound 2j the DAE structure with the highest fatigue 
resistance studied in this work. Importantly, CF3 or SF5 groups are chemically inert and their 
introduction into DAEs does not alter their efficient isomerization between the ring-open and 
ring-closed isomers. 
While the results show a clear correlation between the electronic nature of the 
substituents and the fatigue behavior of DAE photochromes, they are only phenomenological at 
the current point. Correlations with ground state properties such as electrochemical redox 
potentials or computed geometric parameters and relative stabilities are not straight forward. 
From a mechanistic standpoint substitution of the DAE core with donor or acceptor groups may 
alternate the relative stability of intermediates or transition state structures on pathways leading 
to either ring-opening or by-product formation after excitation of the ring-closed isomer.[45] 
However, for obtaining a deeper understanding the observation of by-product formation using 
time-resolved spectroscopic techniques together with a theoretical rationalization supported by 
high level quantum mechanical calculations of the excited state potential energy surface will be 
needed. 
Based on the experimental results a strategy is proposed for imparting excellent fatigue 
resistance to DAEs while allowing a high flexibility in the choice of the components out of 
which the photochromic system may be assembled. Unsymmetrically substituted derivatives 5a 
and 5b show that it is sufficient to substitute one hetaryl ring with a 
3,5-bis(trifluoromethyl)phenyl group, leaving the other aryl ring and the bridging moiety of the 
DAE structure open to modifications. Notably, the reported compounds demonstrate that the 
performance of dithienylperhydrocyclopentenes, which typically show a low reversibility in 
their switching behavior, can be massively improved. Experiments using an organic sensitizer to 
induce the cyclization reaction of the ring-open isomer via its triplet state revealed that the by-
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product is not formed at all under these conditions, rendering triplet sensitized isomerization an 
attractive alternative for the operation of DAEs. 
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4.4 Orthogonally switchable DAEs and electrochemical fatigue25 
4.4.1 Introduction 
As shown in section 2.1.4 of this work, many dithienylethenes offer the possibility to induce 
their isomerization reaction not only by light but also by oxidation or reduction of the molecule. 
In principle the combination of different stimuli for the operation of switchable molecules is 
highly promising in terms of information storage and signal processing.[160] Furthermore, it may 
allow for a high selectivity in addressing ensembles of different switches, which is difficult to 
achieve when using purely photochromic compounds relying on their full spectral 
separation.[161] Especially in this context, the orthogonal implementation of photochemical and 
electrochemical responsiveness to a single molecule or a molecular ensemble, i.e. the two 
stimuli lead to a different reaction outcome, is highly interesting, as it would allow for the 
selective addressing of a multitude of different states.[60b] Note that for simple dithienylethenes 
reported in the literature the redox induced isomerization is a process parallel to the light 
induced reactions, i.e. both yield the same isomerization product. 
In a diploma thesis preceding this work[75a] DAE motif 11a (Scheme 37), possessing 
electron rich morpholino substituted thiazole heterocycles and an electron deficient 
N-tert-butylmaleimide bridge, was synthesized during studies concerned with the effect of 
different bridging moieties and donor or acceptor substituents on dithiazolylethenes. Thereby, 
DAE 11a was identified to be non-photochromic in acetonitrile solvent, i.e. no isomerization 
reaction takes place upon UV-irradiation. However, by cyclic voltammetry oxidative ring 
closure was observed, which is very untypical for DAEs bearing thiazole heterocycles.26 
Here the potential of DAE motif 11a as a molecular switch orthogonally operated by 
electrochemical (for ring-closure) and photochemical (for ring-opening) stimuli is investigated 
in detail. By introduction of trifluoromethyl groups on the ring-closing carbons, leading to 
compound 11b, the fatigue resistance of the switching process is significantly enhanced. 
Investigation of an unsymmetrically substituted analogue 11c gives insights into the mechanism 
of the oxidative ring-closure. The perhydrocyclopentene bridged derivative 12[75a] serves as a 
reference compound showing both photochemical and electrochemical ring-closure.  
 
 
                                                 
25 Large parts of this section have been published: M. Herder et al., Chem. Sci. 2013, 4, 1028-1040. 
26 All other dithiazolylethene motifs investigated in this work and before give irreversible oxidations in 
their ring-open and ring-closed forms with no sign of an isomerization reaction. See CV data of 
compounds 3d, 3i, and 4i in Appendix 4 as well as CV data of other dithiazolylmaleimides in 
reference [75a]. 
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Scheme 37. Isomerization behavior of morpholino substituted dithiazolylethenes. 
4.4.2 Photochemical behavior 
UV/Vis-spectra of ring-open isomers of 11a, 11b, 11c, and 12 were recorded in acetonitrile 
(Figure 31, Table 13). Besides an intense absorption in the UV originating from the aromatic 
thiazole moieties the structurally related compounds 11a, 11b, and 11c show a broad absorption 
band in the visible range between 350 – 500 nm. This band can be attributed to the charge-
transfer from the electron-rich morpholinothiazoles to the strongly electron-deficient tert-
butylmaleimide bridge (vide infra). Compared to the parent structure 11a, for compounds 11b 
and 11c the intensity of the CT-band is significantly lower and its position is shifted 
hypsochromically by 40 nm and 10 nm, respectively, reflecting the reduced electron-density of 
the CF3 substituted morpholinothiazole cores.  
As proposed in the literature for analogous dithienylmaleimides,[39a] such a pronounced 
CT-behavior between the aryl moieties and the bridge moiety of DAEs can lead to a diminished 
photochemical cyclization efficiency due to the formation of a TICT (Twisted Intramolecular 
Charge Transfer) excited state, which is characterized by a pronounced twisting of the single 
bond between the electron donating and the electron accepting parts of the molecule.[40] In fact, 
during irradiation of a yellow solution of 11a in acetonitrile with UV light (irr = 280 nm) or 
with visible light (irr= 436 nm) no changes in the UV/Vis spectrum could be observed 
(Figure 31a). Furthermore, analysis of the reaction mixture by UPLC did not show any new 
photoproduct. Only when exposed to UV irradiation over an extended time period using a 
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took place. According to the TICT-model, the usage of cyclohexane as a non-polar solvent 
allowed for the photochemical cyclization reaction to take place to some extent (Figure 32, 
Table 14). Nevertheless, its efficiency was extremely low with a quantum yield of 0.05 for the 
ring-closure of 11a and a conversion of only 16% in the PSS. A similar lack of photochemical 
reactivity for the ring-open isomers was also observed for the CF3 substituted derivatives 11b 
and 11c. 
 
Figure 31. UV/Vis-spectra during the course of irradiation of acetonitrile solutions of a) 11a, b) 11b, 
c) 11c, and d) 12 with UV light (280 nm, 1000 W Xe, interference filter). Insets show UV/Vis spectra in 
acetonitrile during the irradiation with visible light (436 nm, 1000 W Xe, interference filter) of the 
respective isolated ring-closed isomers 11a(c), 11b(c), and 12(c), which were prepared separately via 
oxidation of the ring-open compounds. All concentrations 5.010-5 M. 
Table 13. Photophysical properties of DAEs 11a, 11b, 11c, and 12 in acetonitrile. 
comp. 
λmax / nm  





(280 nm)b ring-open isomer ring-closed isomer 
11a 265 (2.31), 430 (0.39) 364 (1.40), 447 (1.29) < 0.001 0.13 < 1% 
11b 276 (2.01); 390 (0.18) 361 (0.89); 454 (1.29) < 0.001 0.37 < 1% 
11c 269 (1.89), 420 (0.25) n.d.c < 0.001 n.d.c < 1% 
12 252 (2.11), 268 (shoulder) 408 (1.47) 0.13 0.26 36% 
a) Quantum yields obtained from the initial slope of photoconversion (500 W Xe(Hg), azobenzene and 
Aberchrome 670 actinometry). 
b) Conversion to the ring-closed isomer in the PSS reached after UV irradiation (280 nm, 1000 W Xe). 
c) Compound 11c(c) was not isolated. 
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Figure 32. UV/Vis spectra during the course of irradiation of solutions of a) 11a and b) 11b in 
cyclohexane (c = 510-5 M) with UV-light (irr = 280 nm, 1000 W Xe) until reaching the PSS. 
 
Table 14. Photophysical properties of DAEs 11a and 11b in cyclohexane. 
comp. 
λmax / nm  
(ε / 104 M-1 cm-1) ΦAB 
(280 nm)a 
PSS 
(280 nm)b ring-open isomer ring-closed isomer 
11a 266 (2.44), 425 (0.42) 356 (1.04), 443 (1.02) 0.05 16% 
11b 270 (2.07), 373 (0.23) 449 (1.16) 0.05 16% 
a) Quantum yields obtained from the initial slope of photoconversion (500 W Xe(Hg), 
azobenzene). 
b) Conversion to the ring-closed isomer in the PSS reached after UV irradiation (280 nm, 
1000 W Xe). 
 
Nevertheless, the ring-closed isomers 11a(c) and 11b(c) could be isolated via oxidation of the 
respective ring-open isomers (see section 4.1.5). They show an intense absorption in the visible 
region split into two bands (insets of Figure 31a-b). Upon illumination of acetonitrile solutions 
of 11a(c) and 11b(c) with visible light (irr= 436 nm) both bands diminish rapidly and the 
spectra of the respective ring-open compounds are obtained. Although the spectra of the ring-
closed and the ring-open isomers overlap significantly at the irradiation wavelength complete 
conversion to the ring-open isomers is achieved, as the latter are photochemically inactive. The 
quantum yields for the ring-opening of 11a(c) and 11b(c) with 436 nm light were determined to 
be relatively high with values of 0.13 and 0.37, respectively. Notably, the ring-opening process 
is significantly enhanced for compound 11b(c), which may be attributed to the strong electron-
withdrawing character of the CF3 groups attached on the reactive carbon atoms.[31b], 27 
Contrasting this unidirectional photochemical switching behavior of DAEs 11a, 11b, 
and 11c, bearing a maleimide bridge, compound 12, possessing a cyclopentene as bridging unit, 
shows photochemical bidirectionality to some extent (Figure 31d). UV/Vis spectra as well as 
UPLC-traces recorded during irradiation of a colorless solution of 12(o) in acetonitrile with UV 
                                                 
27 See also section 4.5.3 for photochemical properties of α-CF3 substituted DAEs. 
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light (irr= 280 nm) indicate the formation of the ring-closed isomer 12(c). However, only 36% 
of 12(c) are formed in the PSS due to a high ring-opening quantum yield of 0.26 while the ring-
closing quantum yield was determined to be 0.13. Obviously, the lack of a charge transfer 
between the thiazole moieties and the cyclopentene bridge, indicated by the absence of a visible 
absorption in the case of the ring-open isomer, restores the reversibility of the photochemical 
reaction typical for DAEs. An intramolecular charge transfer interaction is clearly essential to 
install unidirectional photochemical behavior. 
To get further insight into the photochemical processes that lead to the observed lack of 
cyclization efficiency theoretical investigations were performed.28 Ground state structures were 
optimized, vertical excitation energies were calculated, and structures in the first excited state 
were optimized using (TD-)DFT on the CAM-B3LYP/PCM(acetonitrile)/6-31G(d) level of 
theory. The weak, broad band in the visible range for ring-open isomers of 11a, 11b, and 11c is 
reproduced by vertical excitation energies and can be attributed to a HOMO→LUMO transition. 
Isocontour plots of the frontier molecular orbitals (exemplarily shown for 11a in Figure 33, left) 
show that the HOMO and LUMO are localized on the morpholinothiazoles and the maleimide 
bridge, respectively. Note also that for the LUMO, which dominates the photochemical 
pericyclic reaction according to the Woodward-Hoffman rules, only small coefficients are found 
on the ring-closing carbon atoms. For compounds 11b and 11c the HOMO energies are lowered 
due to the electron accepting CF3 groups, reproducing the experimentally observed blue shift of 
the CT band. For compound 12 no such CT transition is found and the HOMO and the LUMO 
are delocalized over the whole hexatriene backbone (Figure 33, right). Notably, for compounds 
11a and 11c geometry optimization in the first excited state lead to stable minimum structures 
showing a certain twist between the thiazole rings and the maleimide bridge, while for 12 no 
stable minimum could be found. Instead the calculations converged towards a conical 
intersection with a decreased distance between the ring-closing carbons. However, in gasphase 
calculations the same behavior was observed for 11a, making a clear assignment of TICT states 
by theory difficult. 
 
                                                 
28 All quantum mechanical calculations discussed in this section were performed by Manuel Utecht in the 
group of Prof. Peter Saalfrank, Department of Chemistry, Universität Potsdam. They shall be briefly 
discussed here, for details the reader is referenced to: M. Herder et al., Chem. Sci. 2013, 4, 1028-1040. 
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Figure 33. Isocontour plots of frontier molecular orbitals for compounds 11a (left) and 12 (right) 
obtained on the CAM-B3LYP/PCM(acetonitrile)/6-31G(d) level of theory. 
4.4.3 Electrochemical behavior 
Upon oxidation of 11a a single irreversible oxidation wave at a potential of 0.57 V is observed 
(Figure 34a, Table 15), which is associated with a charge transfer of two electrons per molecule, 
as determined by controlled potential coulometry. The parent 5-methyl-2-morpholinothiazole 46 
is oxidized at a very similar potential of 0.52 V, thus it can be assumed that the maleimide 
bridge has only minor influence on the oxidation potential of 11a and that the electron transfer 
originates from both electron-rich morpholinothiazole moieties. During the return scan the 
stepwise reduction of a new species can be observed at potentials of 0.26 V and 0.09 V 
corresponding to two one-electron processes. When a second scan-cycle is performed reversible 
oxidation waves arise at 0.15 V and 0.32 V (Figure 34a, inset). In analogy to the known 
behaviour of dithienylethenes this observation can be explained by a fast thermal reaction of 
oxidized 11a(o) to its ring-closed analogue that is subsequently reduced in two steps to 11a(c), 
which possesses significantly lower oxidation potentials due to its conjugated structure. A 
charge of 2 C mol-1 is required during oxidation to fully convert the ring-open isomer to its ring-
closed analogue. In fact, 11a(c) could be isolated by oxidation of the ring-open isomer on a 
preparative scale using two equivalents of ceric ammonium nitrate as oxidant and subsequent 
reduction with ascorbic acid (see section 4.1.5). The structure was confirmed via NMR-
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spectroscopy and HRMS and its isomerization to the ring-open isomer is observed upon 
irradiation with 436 nm light (vide supra). 
The oxidative ring-closure of 11a was also followed using spectroelectrochemistry 
(Figure 35). While increasing the potential up to the return point, the formation of an absorption 
band centered at 360 nm, which is characteristic for the dicationic ring-closed isomer 11a(c)++, 
can be observed. During the following reduction a bathochromically shifted absorption band 
around 550 – 750 nm evolves, indicating the presence of the monoradical cation 11a(c)+. Upon 
further reduction of the potential this band diminishes again and the characteristic absorption 
spectrum of 12a(c) can be observed. 
 
Figure 34. Cyclic voltammograms of the isolated ring-open isomer (blue) and ring-closed isomer (red) of 
a) 11a and b) 11b in acetonitrile/0.1 M Bu4NPF6 (c = 110-3 M, dE/dt = 1V s-1). Insets show two oxidative 
cycles consecutively performed on the respective ring-open isomer. 
 
Table 15. Anodic peak potentials of 11a, 11b, 11c, and 12 determined by cyclic voltammetry in 
acetonitrile. All values are reported against the ferrocene/ferrocenium redox couple as external standard 
(rev = reversible, qr = quasireversible, irr = irreversible). 
comp. 
Epa / V 
ring-open isomer ring-closed isomer 
11a 0.57 (irr) 0.15 (rev), 0.32 (rev) 
11b 1.14 (irr) 0.47 (rev), 0.69 (rev) 
11c 0.70 (qr), 1.23(irr) 0.30 (rev), 0.52(rev) 
12 0.27 (irr) -0.29 (rev), -0.19 (rev) 
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Figure 35. UV/Vis spectral changes during cyclic voltammetry of compound 11a in acetonitrile/0.1 M 
Bu4NPF6 (c = 510-4 M, dE/dt = 10 mV s-1). The potential scan was performed starting from 0 V with 
return points at 1.1 V and -0.5 V. Potentials are given against the Ag/AgNO3 reference electrode.  
To test the potential of 11a as a switch with orthogonal stimuli it was subjected to 
several switching cycles consisting of electrochemical oxidation and re-reduction of an 
acetonitrile solution of 11a(o) in a divided H-cell and subsequent irradiation of the cell with 
visible light in front of an 1000 W Xe arc lamp equipped with a longpass filter (irr > 430 nm). 
During this process UPLC traces as well as UV/Vis spectra of small samples of the reaction 
mixture were recorded (Figure 36). After the initial oxidation/re-reduction step an absorption 
band in the visible region corresponding to the ring-closed isomer appeared. UPLC of the 
reaction mixture indicated a conversion of 51% to the ring-closed isomer 11a(c), but showed as 
well the presence of 32% of a second product 11a(bp) (Figure 36a). Upon irradiation with 
visible light ring-opening of 11a(c) was induced, but the initial UV-spectrum of 11a(o) could 
not be restored completely due to the photoinactivity of 11a(bp). Upon two more switching 
cycles the compound was almost completely converted to the by-product, indicated by the loss 
of absorbance in the visible region and by UPLC.  
To isolate the by-product an acetonitrile solution of 11a(o) was subjected to 
electrochemical oxidation and was subsequently stirred for 2 h at room temperature. During this 
time the oxidized species almost quantitatively converted to 11a(bp), which was then 
precipitated in water. Analysis of a low quality x-ray crystal structure of this material 
recrystallized from chloroform suggests an ionic nature of 11a(bp) (Figure 36c and 
Appendix 6). A possible mechanism for its formation is depicted in Scheme 38: In the ring-
closed dicationic state 11a(c)++, which is immediately formed upon oxidation of 11a(o), one of 
the thiazole methyl groups loses one proton and a subsequent nucleophilic attack of the 
neighboring thiazole nitrogen leads to the formation of a 7-membered ring. This assignment is 
supported by high resolution mass spectrometry proving the loss of one proton. Additionally, 
NMR spectroscopy of the rearranged product clearly indicates the presence of two different 
morpholinothiazole moieties and shows a new CH2 group as a broad signal at room-
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temperature. At lower temperatures this signal splits into two doublets showing the restricted 
conformational flexibility of the 7-membered ring (see Appendix 5) 
 
Figure 36. a) UPLC-traces (diode array detector between 250-800 nm) and b) absorbance in the visible 
region of the reaction mixture recorded during three cycles of electrochemical ring-closure and 
subsequent photochemical ring-opening of 11a in acetonitrile/0.1 M Bu4NPF6. c) Single-crystal X-ray 
structure of low quality crystals of by-product 11a(bp) (ORTEP-drawing, 50% probability thermal 
ellipsoids, hydrogen atoms and the ClO4- anion were omitted for clarity, CCDC 904568). d) UPLC-traces 
(diode array detector between 250-800 nm) and e) absorbance in the visible region of the reaction mixture 
recorded during five cycles of electrochemical ring-closure and subsequent photochemical ring-opening 
of 11b in acetonitrile/0.1 M Bu4NPF6. 
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In order to increase the fatigue resistance of the overall switching cycle it was investigated if a 
substitution of the methyl groups in 11a by trifluoromethyl groups would stabilize the dicationic 
species by preventing its deprotonation. In fact, the ring-open isomer 11b(o), possessing 
trifluoromethyl groups on both thiazole rings, shows an oxidation wave centered at a peak 
potential of 1.14 V (Figure 34b). Compared to 11a(o) this is a relatively large shift by 570 mV 
to higher potentials proving the strongly electron-withdrawing nature of the CF3 groups. 
Nevertheless, the two-electron oxidation of 11b(o) results as well in ring closing to 11b(c) as 
can be seen from the presence of two new reversible oxidation waves in a second scan cycle. 
These oxidation waves show a significantly smaller shift to higher potentials of 320 mV when 
compared to 11a(c). This is due to the formation of a quaternary carbon at the 5- and 5'-position 
of the thiazole moieties during the cyclization separating the CF3 groups from the π-system. 
When 11b is subjected to repeated electrochemical ring-closure and photochemical 
ring-opening a clearly enhanced performance of the reported system can be observed. UV/Vis-
spectra measured from small samples of the reaction mixture show the reversible formation of 
the absorption bands in the visible range, which correspond to the ring-closed isomer 
(Figure 36e). UPLC traces obtained during this experiment show almost quantitative conversion 
to 11b(c) after each oxidation/re-reduction step (Figure 36d). Subsequent irradiation with 
visible light leads to complete cycloreversion to 11b(o). There is no indication for the formation 
of a by-product. Nevertheless, due to diffusion of the compound into the cathode compartment 
of the divided electrochemical cell and due to unspecific degradation processes of the 
intermediate radical cationic species a continuous loss in the visible absorbance is observed 
during five switching cycles. This points to a general drawback of the electrochemical setup that 
has to be addressed in any future application; however, it does not constitute an intrinsic 
limitation of the molecular system. 
While for the symmetrically substituted compounds 11a and 11b an irreversible two-
electron oxidation that leads to thermal ring closure is observed in CV, the behavior of the 
unsymmetrically substituted derivative 11c is slightly different. Here, the cyclic voltammogram 
(Figure 37a) shows two well separated one-electron oxidation waves. Based on the observed 
oxidation potentials for compounds 11a and 11b the wave at 0.70 V can be assigned to the 
oxidation of the morpholinothiazole moiety bearing the CH3-group while the wave at 1.23 V 
corresponds to the morpholinothiazole bearing the CF3 group. The origin of the small shoulder 
at a potential of 1.05 V is currently unknown. Again, the total oxidative process is irreversible 
yielding the ring-closed species, indicated by two new oxidative waves arising at 0.42 V and 
0.24 V in the second scan cycle. Most importantly, if only the morpholinothiazole bearing a 
CH3-group is oxidized and the return point of the potential scan is set before the second 
oxidation takes place, the observed anodic wave has a quasireversible character. At a scan rate 
of 1 V s-1 the first oxidation step is reversible indicated by a corresponding cathodic wave on the 
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return scan, while at lower scan rates the formed radical cation undergoes a consecutive reaction 
(Figure 37b). The linear dependence of the peak current with the square root of the scan rate 
shows that the one-electronic nature of the oxidation is not altered. The product of the slow 
irreversible reaction cannot be identified and is not identical with the ring-closed isomer, which 
only forms after extraction of the second electron from the ring-open species.  
Note that the introduction of only one CF3 group into the morpholinothiazole-maleimide 
architecture does not improve the fatigue resistance of the electrochemical switching process. 
During the oxidative cyclization of 11c a by-product similar to that described earlier for 11a 
could be observed in UPLC/MS-measurements. 
 
Figure 37. a) Cyclic voltammetry of 11c in acetonitrile/0.1 M Bu4NPF6 (c = 110-3 M, dE/dt =  1 V/s) 
using a return potential at 0.87 V (solid line) and at 1.37 V (dotted line), respectively. The inset shows 
two full oxidative cycles consecutively performed on the ring-open isomer. b) Cyclic voltammetry of 11a 
in acetonitrile/0.1 M Bu4NPF6 (c = 110-3 M) at varying scan rates. 
 
4.4.4 Mechanistic considerations 
As discussed in section 2.1.4 of this work, the mechanism of redox induced ring-
closure/ring-opening of DAEs is under debate. Both diradical dicationic and monoradical 
cationic intermediates are postulated to undergo the thermal isomerization reaction. In case of 
oxidative ring-closure both possibilities, following either an EEC or an ECE mechanism (see 
Figure 5, section 2.1.4), give identical cyclic voltammograms consisting of an irreversible two 
electron oxidation wave in case of symmetrically substituted derivatives. 
A first hint that directs towards the latter EEC-mechanism working in case of 
morpholinothiazole switches 11a-c is the lack of any bathochromic absorbance during the 
spectroelectrochemical investigation of the oxidation of 11a (Figure 35), which would be 
characteristic for an intermediate monoradical cationic species either in the ring-open or in the 
ring-closed form. A similar observation has recently been made for a related dithienylethene 
possessing amine redox centers attached directly to the thiophene rings.[58b] 
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To further prove the assumption of an operating EEC mechanism an unsymmetrically 
substituted derivative is necessary in order to achieve a maximum difference in the oxidation 
potentials of both aryl units. The reported derivative 11c was synthesized specifically for this 
task. The introduction of the CF3 unit did not alter the properties of the morpholinothiazole as a 
redox center apart from a significant shift of its oxidation potential by 570 mV. In fact, from 
cyclic voltammetry of 11c as described above (Figure 37) it is clear that the first electron 
transfer from the molecule has a quasireversible nature and does not lead to a chemical reaction 
at high scan rates. Therefore, a stepwise double ionization to a dicationic species has to take 
place in order to induce the ring-closure. Thus it is concluded that the oxidative cyclization of 
11c follows an EEC mechanism (Scheme 39).29 
 
Scheme 39. EEC mechanism for the oxidative ring-closure of 11c. 
The preference of the thermal cyclization in the dicationic state of the ring-open isomer 
was also demonstrated by theory. Energies of the neutral isomers of 11a, 11b, 11c, and 12 as 
well as closed shell singlet dicationic species (SX2+) were calculated on the 
B3LYP/PCM(acetonitrile)/6-31G(d) level of theory.30 Doublet monoradical cationic (DX+) as 
well as singlet (SUX2+), and triplet (TX2+) diradical dicationic species were treated using the 
unrestricted B3LYP (UB3LYP) method. Besides geometry optimized ionic ring-open and ring-
                                                 
29 Note that also unsymmetrically substituted dithienylethene 5a shows two separated oxidation waves 
with the first being reversible and the second being irreversible (see Figure A4-15 in Appendix 4). Only 
after the second oxidation step the ring-closed isomer is formed. In contrast, for compound 5b only one 
oxidation wave is observed, i.e. the potential splitting between the two oxidation steps is too small to be 
resolved or allows for a disproportionation reaction in the monoradical cationic state thermodynamically 
driven by the formation of the ring-closed isomer. However, from both compounds no clear mechanistic 
information can be gained as due to the presence of an "electroactive" N,N-dimehtylaminophenyl or 
methoxyphenyl group the location of the primary electron transfer may not be within the hexatriene core. 
For a similar observation see also reference [58e]. 
30 Quantum mechnanical calculations were performed by Manuel Utecht in the group of Prof. Peter 
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closed isomers, vertical ionization energies were determined without re-optimization of the ions 
(e.g. (SUX2+)v). Furthermore, transition state structures (TS) for the conrotatory thermal 
cyclization reaction were determined using the QST3 method. For compound 11c also the 
disrotatory cyclization reaction was considered. Figure 38 exemplarily shows the obtained 
energy profiles for compound 11c.31 
 
Figure 38. Energy profile for the thermal conrotatory and disrotatory (Xdis) cyclization reaction of 11c in 
its neutral, monocationic (DX+), dicationic singlet closed shell (SX2+), and dicationic singlet open shell 
(SUX2+) forms as obtained from calculations on the (U)B3LYP/PCM(acetonitrile)/6-31G(d) level of 
theory. Vertical (v) and adiabatic ionization potentials of ring-open (o) and ring-closed (c) isomer are 
shown together with transition states (TS) for the cyclization reaction, which were obtained by the QST3 
method. Energies are given relative to the neutral ring-open form in eV. 
For all compounds theoretical ionization potentials IP(X→DX+) = E(X) – E(DX+) nicely 
followed the experimentally observed trends for the first oxidation potentials of the ring-open as 
well as ring-closed isomers. For ring-open dicationic species it was found that the singlet 
diradicals (SUX2+) were always slightly more stable or as stable as the triplet diradicals (TX2+) 
                                                 
31 Details on calculated energies for all other compounds can be found in: M. Herder et al., Chem. Sci. 
2013, 4, 1028-1040. 
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and always more stable than the closed shell singlets (SX2+). For ring-closed singlet dications 
UB3LYP and B3LYP gave the same result with only paired electrons, i.e. no singlet diradical 
species exit. Ring-closed triplet diradical dications were always much higher in energy. 
The thermal cyclization reaction from ring-open to ring-closed isomers was calculated 
to be exergonic in the neutral and all ionized states, except for the triplet diradical dications. 
However, large variations in the activation energies, i.e. in the relative energies of the transition 
states (TS), were obtained. For neutral compounds the activation energies lie in the range of 
2 eV, reflecting the fact that a conrotatory cyclization is thermally forbidden by the Woodward-
Hoffman rules. In the monocationic state (DX+) activation energies lie between 0.77 – 0.92 eV. 
However, the energy gain by structural reorganization after vertical ionization is significantly 
smaller, making it improbable that the monocations can overcome this barrier. In contrast, for 
the closed shell singlet dications (SX2+) there is essentially no activation barrier for the 
cyclization reaction. This can also be rationalized inspecting the HOMO-1 molecular orbital of 
the neutral compound (Figure 33), which is expected to play a prominent role in the pericyclic 
reaction of the diacationic species. It has large coefficients with opposite signs on the ring-
closing carbon atoms allowing for an easy cyclization reaction. In the singlet diradical 
dicationic state the small barriers for the conrotatory cyclization between 0.05 – 0.52 eV can 
easily be overcome due to the considerably larger reorganization energies after vertical 
ionization of the ring-open compounds. Thus it can be concluded that the conrotatory 
cyclization only takes place in the singlet dicationic state, whereby due to its lower total energy 
the singlet diradical dication is the reactive species.  
Furthermore, the calculations show that disrotatory cyclization products are not 
expected due to their endergonic nature. However, as predicted by the Woodward-Hoffman 
rules, the disrotatory activation barrier for the neutral compounds is smaller than that for the 
conrotatory pathway, while for the ionic species it is considerably higher. 
4.4.5 Summary 
A series of dithiazolylethenes was investigated, which show oxidative ring-closure, a property 
that is exceptional for DAEs possessing thiazole heterocycles. As a common structural motif 
strongly electron donating morpholino substituents were placed on the thiazole rings, which in 
combination with an electron withdrawing N-tert-butylmaleimide bridge efficiently prohibit a 
photochemically induced ring-closure reaction due to the charge transfer character of the first 
excited state. However, photochemical ring-opening proceeds with high quantum yields, 
rendering these compounds simple orthogonally switchable DAEs with the electrochemical and 
photochemical triggers working into different directions. 
The performance of the orthogonal switching process could be massively improved by 
exchanging both methyl substituents on the ring-closing carbon atoms by CF3 groups, which 
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prevented the emergence of a by-product resulting from a rearrangement of the ring-closed 
isomer in its doubly oxidized state. Furthermore, the remarkable shift of the oxidation potential 
of the DAE by introduction of the CF3 groups allowed for a conclusive experimental evidence 
for the mechanism underlying oxidative ring-closure by using an unsymmetrically substituted 
derivative. Supported by theory, the diradical dication of the ring-open form was identified to 
undergo the thermal cyclization reaction. The remarkable properties of the α-CF3 substituted 
compounds initiated further investigations into the general effect of α-CF3 groups on the 
photochemical and electrochemical properties of the DAE scaffold, which are reported in 
section 4.5 of this work. 
Besides potential applications in multi-stimuli responsive devices with logic functions, 
the (orthogonal) combination of the electrochemical and photochemical triggers of DAE 
isomerism may lead to switchable systems that overcome the limitations in switching efficiency 
and selectivity of purely photochemically controlled photochromes. Furthermore, systems are 
conceivable that are energetically driven by photochemical isomerization into a meta-stable 
state from which the energy could be harvested via the redox induced back-reaction. 
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4.5 Tuning of energy levels 
4.5.1 Introduction 
As shown in section 2.2 of this work most applications of DAE photochromes for the remote-
control of specific functions rely on the isomerization-induced modulation of the -electronic 
system within the DAE core and the thus induced shifts of the HOMO and LUMO energies. For 
normal-type DAEs the -conjugation is more extended in the ring-closed state. Thus, upon 
cyclization the HOMO and LUMO levels are raised and lowered, respectively (Scheme 40a). As 
a central part of this work the fundamental electronic properties of a series of DAE structures 
are investigated using cyclic voltammetry. Thereby, three points shall be addressed: 
 Absolute HOMO and LUMO energies of the two isomers shall be tuned over a broad 
range by structural modification of the DAE. Thus, a library of structures is 
obtained, out of which compounds can be selected that fit to specific energetic 
requirements of prospective applications. 
 Structural motifs shall be identified for which relative shifts of the HOMO and 
LUMO energies upon the isomerization reaction are very large in order to induce a 
maximum effect by the switching process. 
 It shall be determined how much of the isomerization-induced electronic changes 
within the DAE core can be transduced to an adjacent functional unit depending on 
the DAE architecture. 
 
Scheme 40. a) Shift of HOMO and LUMO levels within the DAE core upon isomerization. b) 
N-tert-Butylmaleimide bridged and α-CF3 substituted derivatives for the investigation of the modulation 
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The series of structurally modified DAE derivatives 1a-i, 2c-j, 3d-i, 4i, and 5a-b (see 
Scheme 35 in section 4.3) has been synthesized not only to study their fatigue behavior, but also 
to use it as the basis for electrochemical investigations. It is extended by compound 7i 
(Scheme 40b), which reveals the electronic effects of the N-tert-butylmaleimide bridge. 
Furthermore, inspired by experiences with CF3 substitution at the ring-closing carbon atoms of 
morpholino substituted dithiazolylmaleimides (see section 4.4) DAEs 8b, 9b, and 9c have been 
synthesized and investigated to estimate the effect of α-CF3 groups on the photochemical and 
electronic properties of DAEs.  
For coupling a functional unit, e.g. a binding site or a reactive or catalytically active moiety, 
with DAE photochromes different architectures are possible (Scheme 41). In many cases (see 
section 2.2) the functional unit serves as bridge of the DAE scaffold (Scheme 41a). Thereby, the 
properties of the bridge are modulated upon ring-closure by turning the central double bond into 
a single bond and by bringing donor or acceptor groups positioned on the hetaryl rings into 
conjugation. 
 
Scheme 41. Structural motifs for the reversible electronic coupling/decoupling of a functional unit with 
donor/acceptor substituents via the isomerization of DAEs. a) Implementation of the functional unit as 
bridge. b) Attachment of the functional unit in the periphery using donor/acceptor substituents either on 
the opposite or on the same thiophene ring. Below structural motifs possessing redox active groups for 
testing the extent of electronic modulation at the site of the functional unit are shown for each scenario. 
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The functional unit may also be placed in the periphery of the DAE, i.e. as substituent 
of one hetaryl ring (Scheme 41b). The isomerization reaction effects a coupling/decoupling with 
donor or acceptor groups, placed either on the opposite hetaryl ring or in the α-position of the 
same hetaryl ring. 
For all three architectures examples can be found in the literature (see section 2.2). 
However, a direct comparison to evaluate which structure gives the largest transduction of 
electronic effects to the functional unit resulting from the switching process is difficult. 
Therefore, model compounds 5a, 5k, and 10c were designed bearing redox active 
N,N-dimethylaminophenyl or triphenyltriazine moieties as "functional units" in the periphery, 
which report the electronic changes occurring during the isomerization reaction by the change in 
their oxidation or reduction potential, respectively. CF3 groups were chosen as acceptor 
moieties, either in the form of 3,5-bis(trifluoromethyl)phenyl substituents (5a, 5k) or directly 
attached to the α-position of the thiophene ring (10c). Thereby, compound 5a can be regarded as 
a "mismatched" case: Generally the -system of the DAE gets extended by the cyclization 
reaction leading to a decrease of the oxidation potential of the amine. On the other hand, in the 
ring-closed state the electronic coupling between the amine and the acceptor group on the 
second thiophene ring should increase the amine's oxidation potential. In contrast, compounds 
10c and 5k are "matched" cases, for which the change in conjugation and coupling/decoupling 
of the acceptor units operate into the same direction, i.e. lowering the oxidation or reduction 
potentials, respectively, upon ring-closure. Thus, for 10c and 5k higher potential differences 
between the isomers are expected. 
Note that the bridge-functionalized motif was already investigated during preceding 
studies.[75] The reduction potential of a bridging maleimide "matched" with acceptor substituents 
in the periphery was reduced by 240 mV upon ring-closure, while the "mismatched" derivative 
bearing donor groups showed a change of only 70 mV. This electronic difference was directly 
related to a difference in the function of the maleimide, i.e. the strength of the binding to a 
receptor via hydrogen bonding interactions.  
In the following the photochemistry of compounds 5k and 7i is presented and the 
remarkable impact of α-CF3 groups on the photochemical properties of DAEs is shown before 
the electrochemical results are discussed. 
4.5.2 Photochemistry of 5k and 7i 
As expected from the extended -system of DAE 5k, both in the ring-open and ring-closed form 
its molar absorptivity is much higher than that of the prototype DAE 1d. In addition, absorption 
bands of both isomers are bathochromically shifted (Figure 39a, Table 16). Compound 5k 
smoothly undergoes cyclization with a quantum yield of 0.59, which is in the expected range of 
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DAEs. In contrast, the quantum yield for ring-opening is lowered by a factor of 4 compared to 
1d, which is typical for the presence of an extended -conjugated system.[34] 
In analogy to morpholino substituted dithiazolylmaleimides discussed in section 4.4 of 
this work, the UV/Vis spectrum of the ring-open isomer of 7i shows a weak, broad charge 
transfer band besides the -*-transition (Figure 39b). However, the CT band is shifted 
hypsochromically due to the low donor character of the 3,5-bis(trifluoromethyl)phenylthiazole 
groups. Therefore, in contrast to the morpholino substituted compounds photochemical 
cyclization is possible with a quantum yield of 0.13, which is in accordance to related 
structures.[75a] 
Remarkably, both 5k and 7i show fluorescence in their ring-open states, which is not 
observed for most other DAE structures studied in this work. Upon prolonged UV irradiation 
for both derivatives the emergence of an isomeric by-product, presumably the annulated isomer 
discussed in section 4.3, was observed by UPLC/MS. A precise quantification of by-product 
formation was not conducted. However, the conversion was estimated to be below 10% after 
30 min of UV irradiation (310 nm, 1000 W Xe, interference filter), which renders both acceptor 
substituted DAEs quite fatigue resistant. 
 
Figure 39. UV/Vis spectra of compounds a) 5k (1.6910-5 M) and b) 7i (2.8810-5 M) in acetonitrile 
(25 °C) under irradiation with 313 nm light until reaching the PSS. 
Table 16. Photophysical properties of DAEs 5k and 7i in acetonitrile. 
comp. 
λmax / nm 






ring-open isomer ring-closed isomer 
5k 269 (6.27), 358 (3.28) 568 (2.63) 97% 0.59 0.0023 
7i 310 (2.60),  376 (0.44, shoulder) 532 (1.10) 78% 0.13 n.d. 
a) Amount of ring-closed isomer in the PSS reached after UV-irradiation, determined by UPLC. 
b) Quantum yields for ring-closure, obtained by the initial slope method using ferrioxalate actinometry. 
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4.5.3 Photochemistry of α-trifluoromethyl substituted DAEs 
Compared to the parent dithiazolylcyclopentene 3d, the doubly CF3 functionalized compound 
9b shows marked hypsochromic shifts of the lowest energy absorption bands both in the ring-
open and ring-closed states (Figure 40a, Table 17). Remarkably, the amount of the ring-closed 
isomer in the PSS upon UV irradiation is only 31%. This is due to the unfavorable ratio of 
quantum yields for ring-closure and ring-opening. Compared to 3d32 the quantum yield for ring-
closure of 9b under irradiation with 313 nm light is decreased by one order of magnitude. When 
using 280 nm light, i.e. going from the low energy onset near to the maximum of the absorption 
band, the quantum yield was determined to be only slightly higher. In contrast, the quantum 
yield for ring-opening of 9b is almost one order of magnitude higher than that of 3d, showing 
the rate increasing effect of the α-CF3 groups.33 
Importantly, when only one methyl group of the parent DAE structure is replaced by a 
CF3 group, as in compound 9c, the typical photochemical behavior of DAEs is retained 
(Figure 40b). Though the quantum yield for ring-closure of 9c with a value of 0.23 still is 
somewhat smaller than that of 3d, it is in a reasonable range. As ring-opening is slow, a PSS of 
87% is reached under 313 nm light irradiation. The wavelengths of the maxima of the lowest 
energy absorption bands lie in-between the values for 3d and 9b for both isomers. 
Table 17. Photochemical properties of α-CF3 substituted DAEs and related compounds. 
comp. 
λmax / nm 
(ε / 104 M-1 cm-1) 
PSS (λirr)a ΦAB (λirr)b ΦBA (λirr)c 
ring-open isomer ring-closed isomer 
1d 278 (3.25) 520 (1.78) 98% (310 nm) 0.50 (313 nm) 0.0093 (546 nm)
3d 316 (2.13) 500 (1.55) 94% (310 nm) 0.57 (313 nm) 0.021 (546 nm) 
5a 326 (3.37) 570 (2.54) 97% (310 nm) 0.056 (313 nm) 0.0022 (546 nm)
8b n.d. n.d. 61% (300 nm) n.d. n.d. 
9b 283 (2.42) 469 (1.65) 31% (313 nm) 0.075 (280 nm) 0.060 (313 nm) 0.16 (436 nm) 
9c 288 (2.29) 482 (1.29) 87% (313 nm) 0.23 (313 nm) 0.020 (436 nm) 
10c 311 (2.39),  346 (2.08) 522 (2.69) 98% (313 nm) 0.70 (313 nm) 0.011.(546 nm) 
a) Amount of ring-closed isomer in the PSS reached after UV-irradiation, determined by UPLC. 
b) Quantum yields for ring-closure, obtained by the initial slope method using azobenzene actinometry. 
c) Quantum yields for ring-opening, obtained by the initial slope method using Aberchrome 670 actinometry. 
 
 
                                                 
32 Note that quantum yields for ring-closure of 1d, 3d and 5a reported in Table 17 slightly differ from the 
values reported before in section 4.3. To a minor part this is due to application of the initial slope method 
and to a major part due to the use of azobenzene instead of ferrioxalate as actinometric reference during 
these independent experiments. 
33 Compare with the increased ring-opening quantum yield of compound 11b discussed in section 4.4. 
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Figure 40. UV/Vis spectra of compounds a) 9b (4.0010-5 M) and b) 9c (3.0110-5 M) in acetonitrile 
(25 °C) under irradiation with 313 nm light until reaching the PSS. 
 
Figure 41. UV/Vis spectra in acetonitrile (25 °C) of compounds a) 8b (ca. 3.410-5 M) under irradiation 
with 300 nm light and b) 10c (2.7510-5 M) under irradiation with 313 nm light until reaching the PSS. 
The doubly CF3 substituted dithienylethene 8b shows very similar trends as its thiazole 
analogue. Compared to the parent dithienylethene 1d its absorption bands are shifted 
hypsochromically and the amount of ring-closed isomer in the PSS is significantly reduced 
(Figure 41a). As compound 8b was contaminated with a minor impurity, no quantitative 
measures can be given. However, from photokinetic measurements quantum yields can be 
estimated to lie in the same order of magnitude as the values for 9b. 
The unsymmetrically substituted DAE 10c possessing a 4-N,N-dimethylaminophenyl 
and a CF3 group on the same thiophene ring shows remarkable photochemical properties. Due 
to the coupling of the donor and acceptor group in the ring-open form, the lowest energy 
absorbance maximum is shifted by 68 nm to longer wavelengths (Figure 41b) compared to the 
parent dithienylethene 1d. Importantly, despite the pronounced donor-acceptor interaction 
compound 10c undergoes the photochemical cyclization reaction very efficiently with a 
quantum yield of 0.70. This is in stark contrast to derivative 5a, which is substituted with the 
acceptor group on the opposite thiophene ring. Photochemical ring-opening of 10c proceeds 
with a quantum yield of 0.01, a value very similar to DAE 1d. 
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Comparison of the UV/Vis spectra of DAEs 1d, 5a, and 10c (Figure 42) reveals the 
different conjugation paths between the aniline as a "functional unit" and the acceptor moieties, 
as depicted in Scheme 41b. In the ring-open form compound 10c, with the donor and the 
acceptor being electronically coupled, shows the most bathochromically shifted absorbance. 
However, in the ring-closed form the position of the absorbance band in the visible range is 
almost identical to that of unsubstituted 1d. This shows that the CF3 group is efficiently 
decoupled from the -electronic system. In contrast, the absorbance of the ring-closed isomer of 
5a is shifted bathochromically by 50 nm revealing the strong coupling of the donor and the 
acceptor. 
 
Figure 42. Comparison of UV/Vis spectra in acetonitrile of DAEs 1d, 5a, and 10c in their ring-open 
(solid lines) and ring-closed (dashed lines) forms. 
4.5.4 HOMO and LUMO levels 
In this work HOMO and LUMO energy levels of DAE derivatives are calculated from the first 
oxidation and reduction potentials Epa1 and Epc1, determined by cyclic voltammetry in 
acetonitrile, according to the following equation (e = elementary charge):  
 
ܧுைெை/௅௎ெை = −݁	 ∙ ܧ௣௔ଵ/௖ଵ 	− 	4.8	ܸ݁ (39) 
 
The offset of 4.8 eV represents the ionization potential of ferrocene in the vacuum scale 
as postulated by Pommerehne and coworkers.[162] It is important to note that the utilization of 
redox potentials as a measure for absolute and relative frontier orbital energies is a rough 
estimate due to a number of reasons:[163] 
1) While HOMO and LUMO energies are scaled in vacuum, redox potentials are 
generally obtained in solution in the presence of large amounts of an electrolyte. Thus, effects 
by solvation and interaction with the electrolyte are neglected, which is highly questionable. 
However, if structurally similar compounds are compared, it can be assumed that solvation and 
interaction with the electrolyte do not differ too much and that relative energies are quite 
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accurate within a margin of 0.1 eV.[163] Comparing values obtained in different solvents or 
between solution and the solid state is more unreliable. 
2) Generally, the half-wave potential of a fully reversible peak is taken as a measure for 
the formal potential of the redox process. However, in case of DAEs also irreversible processes 
are observed, in particular for oxidations of the ring-open isomers. Therefore, peak potentials 
are reported for all observed redox waves. In case of fully reversible processes the difference 
between the half-wave potential and the peak potential amounts to 29 mV and can be neglected. 
For irreversible processes, which are due to a chemical reaction following the electron transfer, 
e.g. ring-closure for many ring-open DAEs, the observed peak potential is shifted to lower 
values compared to the formal potential of the electron transfer. This shift can amount up to 
approximately 370 mV for very fast chemical reactions.[164] However, for slower reactions the 
shift is smaller and in case of quasireversible processes it can be neglected. Thus, HOMO and 
LUMO levels of ring-open isomers showing fully irreversible redox processes have to be treated 
with care. In contrast, redox processes of most ring-closed isomers are reversible or 
quasireversible and can be regarded to be more reliable. 
3) The offset of 4.8 eV relating the ferrocene/ferrocenium redox couple to the vacuum 
scale is under debate and a number of different conversion scales with values between 
4.5 - 5.4 eV exist in the literature.[163] Thus, care has to be taken which conversion scale is 
applied when comparing to literature data. 
Though these arguments make the utilization of cyclic voltammetry for the estimation 
of frontier orbital energies appear very unreliable, the procedure often is successfully applied 
for the prediction of specific device properties in the field of organic electronics.[165] 
Additionally, results presented in section 4.6 of this work demonstrate that the method is an 
easy, cheap, and fast way to select derivatives that fulfill specific energetic requirements out of 
a library of compounds. Thereby, for the reasons stated above, comparing relative energies of 
structurally similar derivatives is much more precise than their positioning on an absolute scale. 
Note that in the literature[166] correlations between HOMO energies found by cyclic 
voltammetry with values determined by ultraviolet photoelectron spectroscopy (UPS) generally 
show a linear dependence even for structurally very different compounds, though the slope may 
slightly deviate from unity.34 
Electrochemical data for compounds 1a-i, 2c-j, 3d-i, 4i, and 5a-b can be found in 
Table 11 (section 4.3.5) as well as in the Appendix 4. For compounds 7i and 
α-trifluoromethylated DAEs 8b and 9b-c the data are collected in Table 18. Derived HOMO 
and LUMO levels are shown for a representative selection of derivatives of the dithienylethene 
and dithiazolylethene type in Figure 43.  
                                                 
34 For compounds 1c and 1h HOMO energies obtained from cyclic voltammetry and from UPS show very 
similar trends when comparing the isomers with each other. Nevertheless, absolute values slightly differ 
between the two methods, see section 4.6. 
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Table 18. Anodic and cathodic peak potentials of 7i, 8b, and 9b-c, determined by cyclic voltammetry in 
acetonitrile. All values are reported against the ferrocene/ferrocenium redox couple as external standard 
(rev = reversible, qr = quasireversible, irr = irreversible). 
comp.
open isomer closed isomer 
Epa1 / V Epa2 / V Epc1 / V Epa1 / V Epa2 / V Epc1 / V 
7i 1.63 (irr) - -1.57 (rev) 1.10 (irr) - -1.21 (qr) 
8b 1.51 (irr) 1.70 (irr) -2.60 (irr) 0.46 (rev) 0.69 (rev) -1.87 (irr) 
9b 1.64 (irr) - -2.35 (irr) 0.60 (irr) 0.90 (irr) -1.64 (irr) 
9c 1.09 (irr) - -2.49 (irr) 0.66 (qr) 0.87 (irr) -1.84 (irr) 
 
 
Figure 43. Tuning of HOMO and LUMO levels, as obtained from cyclic voltammetric oxidation and 
reduction potentials, by donor and acceptor substitution of symmetrical DAEs. For compounds 2j and 4i 
oxidation potentials of the ring-open isomers are in the range of the onset of solvent oxidation, thus only 
approximate values can be given, indicated by dashed lines. The heterocyclic building blocks as well as 
the bridging unit of each compound are depicted below. Cy-H6 = perhydrocyclopentene, 
Cy-F6 = perfluorocyclopentene, I-tBu = N-tert-butylmaleimide. 
From Figure 43 the following general trends can be derived: 
 The absolute energies of the frontier molecular orbitals can be systematically tuned 
over a broad range covering more than 2.5 eV for HOMO levels (1a(c) vs. 2j(o)) and 
at least 1.8 eV for LUMO levels (4i(c) vs. 3d(o)). Note that LUMO levels of ring-
open dithienylethenes are expected to lie above -1.9 eV, the limit of accessible 
potentials in the CV experiment. 
 Both the variation between donor and acceptor substituents in the periphery and the 
nature of the bridging moiety exhibit strong influence on the absolute electronic 
levels with shifts between 0.5 – 0.9 eV for both ring-open and ring-closed isomers. 
Comparison of DAEs 1i and 2c, both possessing very similar HOMO energies, 
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shows that the effects exerted by the 3,5-bistrifluoromethyl substitution and the 
perfluorocyclopentene bridge are of similar magnitudes. Comparison of HOMO 
levels of compounds 3i, 4i, and 7i shows that the electron-withdrawing capability of 
the N-tert-butylmaleimide bridge is slightly smaller than that of 
perfluorocyclopentene. However, the electron affinity of the ring-open isomer of 7i 
is strongly increased due to the redox active carbonyl groups present in the bridge. 
 Substitution with α-CF3 groups strongly influences HOMO and LUMO levels of 
ring-open isomers, as can be seen by comparing DAEs 1d and 8b as well as 3d and 
9b, which show shifts between 0.5 – 0.8 eV. In contrast, the effect on ring-closed 
isomers is significantly smaller with shifts between 0.2 – 0.4 eV. The latter is 
expected as in the ring-closed state quaternary carbon atoms separate the CF3 groups 
from the -electronic system. Thus, by α-CF3 substitution the relative shifts of 
energy levels by the ring-closure reaction are significantly increased. 
 Further fine-tuning of absolute energy levels can be achieved by exchanging 
thiophene with thiazole heterocycles in otherwise identical structures. For analogous 
substitution patterns HOMO and LUMO levels of thiazole derivatives are between 
0.1 – 0.5 eV lower in energy than their thiophene counterparts. 
 Large relative shifts in HOMO and LUMO levels comparing ring-open and ring-
closed isomers are obtained upon increasing acceptor substitution of the DAE 
scaffold. Thereby, dithienylethenes generally show a larger isomerization induced 
variation than their thiazole analogues, if not substituted with α-CF3 groups. 
Maximum relative shifts of more than 1 eV are exhibited by the strongly acceptor 
substituted dithienylethenes 2i and 2j as well as α-CF3 substituted DAEs 8b and 9b. 
4.5.5 Transduction of electronic changes to redox active groups 
The redox behavior of unsymmetrically substituted DAEs 5a, 10c, and 5k was investigated by 
cyclic voltammetry (Figure 44, Table 19). Compounds 5a and 10c represent the "mismatched" 
and "matched" configuration, respectively, for the transduction of electronic changes appearing 
within the DAE scaffold to the redox active N,N-dimethylaniline group. For both compounds 
the first oxidation processes are fully reversible in the ring-open and ring-closed forms and can 
be assumed to be located at the N,N-dimethylaniline groups. Note that, similar to symmetrically 
N,N-dimethylaniline substituted compound 1a, for the ring-closed isomer of 10c a two-electron 
oxidation wave is observed. From the difference of the anodic and cathodic peak currents it can 
be derived that two one-electron oxidation processes with a potential splitting of less than 
100 mV are present. 
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Figure 44. Cyclic voltammograms (dE/dt = 1 V s-1) of DAEs a) 5a in acetonitrile/0.1M Bu4NPF6, b) 10c 
in acetonitrile/0.1M Bu4NPF6, and c) 5k in methylene chloride/0.1M Bu4NPF6. All concentrations were 
110-3 M before irradiation. For compound 5a only low conversion to the ring-closed isomer could be 
achieved after extended irradiation of the electrochemical cell for 2.5 h. Note that for a) and c) solutions 
became more concentrated during the irradiation procedure due to long irradiation times needed in case of 
a) and high volatility of the solvent in case of c). 
Table 19. Anodic and cathodic peak potentials of 1a, 5a, 5k and 10c, determined by cyclic voltammetry 
in acetonitrile or methylene chloride. All values are reported against the ferrocene/ferrocenium redox 
couple as external standard (rev = reversible, qr = quasireversible, irr = irreversible). 
comp.
open isomer closed isomer 
Epa1 / V Epa2 / V Epc1 / V Epa1 / V Epa2 / V Epc1 / V 
1aa 0.13 (irr) - < -2.80 -0.37 (rev) - -2.40 (irr) 
5aa 0.22 (rev) 0.64 (irr) -2.71 (irr) -0.13 (rev) 0.09 (rev) -2.02 (rev) 
5kb 0.93 (irr) - -2.21 (rev) 0.11 (rev) 0.46 (rev) -1.91 (rev) 
10ca 0.40 (rev) 0.95 (irr) - 0.01 (rev) - -2.23 (irr) 
a) in acetonitrile 
b) in methylene chloride 
 
The potential of the first oxidation process of the ring-open isomer of 10c is higher by 180 mV 
compared to 5a and by 270 mV compared to 1a, which is in accordance with the initial 
expectation (Scheme 41) that the CF3 group in the α-postion of the thiophene ring would 
decrease the electron density of the aniline moiety. However, given the much larger electronic 
effect of α-CF3 groups on the electron density within the DAE core itself, observed by 
comparing compounds 1d and 8b as well as 3d and 9b (vide supra), it can already be seen that 
transduction of the electronic changes to an adjacent functional unit is significantly less 
pronounced. Note that compared to the ring-open form of 1a the first oxidation of 5a is also 
shifted by 90 mV to higher potentials, although both compounds are expected to possess the 
same redox behavior in the first step, assuming that in the ring-open form both termini are 
electronically isolated from each other. 
Due to the coupling of the N,N-dimethylaniline moiety with the electron-withdrawing 
3,5-bis(trifluoromethyl)phenyl group in the ring-closed isomer of 5a, it was expected that its 
first oxidation would appear at higher potentials than the first oxidation of the ring-closed 
isomer of 10c, for which the aniline is decoupled from the CF3 group. In contrast, it is 
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experimentally found that the oxidation of 5a(c) at Epa1=-0.13 V occurs at a slightly lower 
potential than that of 10c(c) at Epa1 = 0.01 V. As a result, the difference between the two DAE 
derivatives in the relative potential shift upon ring-closure is relatively small. Though it is larger 
in the "matched" compound 10c with a value of 390 mV, the shift of 350 mV for the 
"mismatched" compound 5a is only slightly smaller.  
A similar potential shift between the ring-open and ring-closed isomer is observed for 
the reversible reduction of DAE 5k, which is located at the triphenyltriazine moiety. As this 
compound already represents the "matched" case, the synthesis of the mismatched analogue 
(Scheme 41) was not attempted. 
4.5.6 Summary 
It was demonstrated that the HOMO and LUMO energies of DAE photochromes can be 
precisely tuned over a broad range by donor/acceptor substitution in the periphery, variation of 
the bridging moiety, substitution with CF3 groups in the α-positions of the hetaryl rings, and 
exchange of thiophene with thiazole heterocycles. Structures were obtained that show 
remarkable photoisomerization induced shifts of the energies of electronic levels of more than 
1 eV. By creating a large collection of electronically modulated DAEs and by estimating the 
effects of structural modifications it is possible to select specific DAE derivatives or design new 
structures that fulfill energetic requirements for potential applications, in particular in 
combination with other optoelectronically active materials to reversibly enable and disable 
energy transfer or charge transport between the building blocks. 
It was shown that transduction of the electronic changes induced within the DAE core 
upon isomerization to an adjacent, conjugated functional unit is much less pronounced. For 
model compounds possessing easily oxidizable aniline or reducible triazine moieties potential 
shifts between 300 – 400 mV were observed upon ring-closure. Thereby, different patterns of 
substitution with acceptor groups, inducing a "matched" or "mismatched" correlation to the 
electronic changes within the -electronic system of the DAE, turned out to have only a small 
influence. In light of the desired property changes of functional units attached to DAEs, such as 
binding motifs or catalytically active moieties, a larger modulation of electron density is needed. 
Therefore, the electronic communication between the functional unit and the DAE core should 
be increased by restricting dihedral twisting or moving the functional unit closer to the DAE 
core by omitting the phenyl group or using the functional unit itself instead of one thiophene or 
thiazole heterocycle. Furthermore, electronic modulation can potentially be increased using -M 
substituents instead of CF3 groups or by placing the acceptor group at the free β-position of the 
thiophene ring. Research into these directions is currently ongoing in the Hecht group. 
In addition to the remarkable electronic properties of α-CF3 substituted DAEs, 
interesting insights into their photochemistry were obtained. DAEs symmetrically substituted 
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with α-CF3 groups on both hetaryl rings showed a strong reduction of the quantum yield for 
ring-closure, while the quantum yield for ring-opening was significantly increased compared to 
the methyl substituted derivatives. Importantly, installing only one CF3 group on one hetaryl 
ring restores the usual photochemical behavior of DAEs. The combination of a 
4-N,N-dimethylaniline donor and a CF3 acceptor placed in the two α-positions of one thiophene 
ring gave a DAE showing a marked bathochromic shift of the absorbance of the ring-open form 
and an increased quantum yield for ring-closure. A thorough investigation of the photochemical 
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4.6 Realization of photocontrollable OTFTs35 
4.6.1 Introduction 
In collaboration with the group of Paolo Samorì, organic thin film transistors (OTFTs) were 
designed that incorporate photochromic DAEs in order to reversibly photomodulate the current 
output of the device. Therefore, established polymeric and small molecule organic 
semiconductors were simply mixed with appropriate DAE derivatives and the thus obtained 
blends were used as active layer in the devices. As discussed in section 2.2.2 of this work, the 
combination of well-known organic semiconducting materials with photochromic molecules is 
advantageous to the use of pure photochromic compounds as active layer, as devices with a 
much higher electrical performance, i.e. charge carrier mobility, can be constructed. Thereby, 
the simple blending approach allows for an easy and fast fabrication of the light-responsive 
OTFTs by a spin-coating procedure. The application of DAE-semiconductor blends for the 
construction of organic electronic devices is unprecedented in the literature. 
In order to photocontrol the charge transport within the device, the energy levels of the 
organic semiconductor and the DAE have to be precisely aligned (Figure 45). The basis for the 
energy level alignment was laid by systematically tuning of HOMO and LUMO levels of DAE 
photochromes by variation of their substitution pattern (see section 4.5). Thus, derivatives could 
be selected for which the HOMO of the ring-open form is positioned way below the HOMO of 
the p-type semiconductor to be applied. Importantly, the HOMO of the ring-closed isomer is 
positioned slightly above that of the semiconductor (Figure 45, left). In this scenario the 
mobility of charge carriers, i.e. holes, introduced into the semiconducting matrix by application 
of a gate voltage will not be disturbed by the presence of the ring-open isomer and a high drain 
current will be detected, which resembles the ON state of the transistor. However, the ring-
closed isomer of the DAE will serve as a trapping center for the holes, i.e. there is a driving 
force for the transfer of holes to the DAE molecules. As the back-transfer to the semiconductor 
is energetically unfavorable, the hole mobility is significantly reduced, leading to the OFF state 
of the transistor. 
The same principle can be realized using n-type semiconductors by aligning the LUMO 
levels of the DAE with the LUMO level of the matrix. In the ring-open state of the DAE 
electron transport is not influenced as its LUMO is higher in energy than that of the 
semiconductor. In the ring-closed state trapping centers are introduced by the reduction of the 
                                                 
35 In this section results are summarized that were obtained in collaboration with the group of Prof. Paolo 
Samorì at the Institut de Science et d'Ingénerie Supramoléculaire, Université de Strasbourg. Further 
details can be found in the following publications: 
E. Orgiu et al., Nat. Chem. 2012, 4, 675 – 679. 
J. Frisch et al., Appl. Phys. A 2013, 113, 1-4. 
M. El Gemayel et al., Nat. Commun. 2015, 6:6330, DOI: 10.1038/ncomms7330. 
K. Börjesson et al., J. Mater. Chem. C 2015, 3, 4156-4161. 
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LUMO energy of the DAE and thus charge transport is hindered in the active layer. (Figure 45, 
right). 
 
Figure 45. General concept for the photocontrol of charge transport in organic field effect transistors 
(OTFTs) by isomerization induced trapping of charge carriers within p-type (left) and n-type (right) 
semiconducting matrices using DAEs. 
In the following, results on the realization of the concept using both p-type and n-type 
semiconducting matrices and carefully selected DAE derivatives possessing high HOMO and 
low LUMO energies, respectively, are summarized. 
4.6.2 Photocontrollable p-type OTFTs 
As a starting point, one of the best-performing polymeric semiconductors, regioregular 
poly(3-hexylthiophene) P3HT[167] (Scheme 42), was chosen as the matrix for the fabrication of 
photoswitchable p-type OTFTs. From the library of electronically modulated DAEs, compounds 
1c possessing methyl groups and 1h possessing an n-hexyl ester groups in the para-positions of 
the peripheral phenyl rings were selected. By choosing a non-polar dithienylcyclopentene and 
by substitution of the ester derivative with long alkyl chains, miscibility with the P3HT matrix 
should be ensured.  
 
Scheme 42. Semiconducting matrices and DAE derivatives for the construction of photocontrollable 
p-type OTFTs. 
Using cyclic voltammetry the HOMO energy of P3HT was determined to be at -4.8 eV 
from the onset of the oxidation of a drop-casted film on the electrode (Table 20). In the 
literature electrochemical HOMO energies between -4.7 and -5.2 eV can be found.[168] The two 
DAE derivatives were chosen in a way that the HOMO energies of the ring-open forms, 
obtained from cyclic voltammetry in methylene chloride, are below that of P3HT with values of 
















4. Results and Discussion 
132 
isomer 1c(c) of -4.7 is positioned slightly above that of P3HT while the HOMO of the ring-
closed ester derivative 1h(c) is shifted by 180 meV to lower energies (Table 20, Figure 47a). 
Note that due to reasons discussed in section 4.5.4 the exact relative and absolute positioning of 
the HOMO levels of the DAEs and P3HT is somewhat insecure. However, it is expected that 
the ring-closed isomer of 1c shows a higher hole trapping efficiency when operating the device 
than the ring-closed isomer of 1h. 
Ultraviolet photoelectron spectroscopy (UPS) was performed on thin films of isolated 
ring-open and ring-closed isomers of 1c and 1h to compare with the electrochemically obtained 
energy level alignment (Table 20).36 The ionization energy (IE) of both DAEs is lowered by 
0.8 eV upon ring-closure, in perfect agreement with the electrochemically obtained HOMO 
energies. Furthermore, IEs of both isomers of 1h are higher by 0.1 eV than that of DAE 1c, 
confirming the relative difference between the two derivatives. On an absolute scale, IEs 
determined by UPS and HOMO energies determined by cyclic voltammetry differ due to the 
reasons discussed in section 4.5.4. Moreover, UPS fails to place the IE of P3HT in-between that 
of the ring-open and ring-closed isomers of the DAEs. Note that the IEs of films of P3HT were 
found to vary depending on the surface orientation of the molecules.[169] 
Table 20. Oxidation potentials and derived HOMO energies of semiconducting matrices and DAE 
derivatives obtained from cyclic voltammetry as well as ionization energies determined by UPS. 
Potentials are given in reference to the ferrocene/ferrocenium redox couple (rev = reversible, qr = 
quasireversible, irr = irreversible). 
comp. acetonitrile
 methylene chloride 
IE / eVa 
Epa1 / V EHOMO / eV Epa1 / V EHOMO / eV 
1c(o) 0.79 (irr) -5.59 0.69 (irr) -5.49 -5.9 
1c(c) -0.02 (rev) -4.78 -0.12 (rev) -4.68 -5.1 
1h(o) - - 0.85 (irr) -5.65 -6.0 
1h(c) - - 0.06 (rev) -4.86 -5.2 
13a(o) 0.79 (irr) -5.59 - - - 
13a(c) 0.02 (rev) -4.82 - - - 
P3HTb 0.02 -4.82 - - -4.4 – -4.9[169-170] 
BTBT - - 0.87 (rev) -5.67 - 
a) Ionization energies from UPS of thin films of the isolated ring-open and ring-closed 
isomers. 
b) Onset potential of a film on the electrode drop-casted from a CHCl3-solution. 
 
To see to what extent photoisomerization of DAEs in a P3HT matrix is possible, 
irradiation experiments were carried out using thin films prepared by drop-casting on a quartz 
substrate and spectral changes were monitored using UV/Vis spectroscopy. First, a film of pure 
DAE 1c(o) was prepared by drop casting from a CHCl3-solution (0.3 mg/mL) and irradiated 
                                                 
36 UPS measurements were performed by Johannes Frisch in the group of Prof. Norbert Koch, 
Department of Physics, Humboldt-Universität zu Berlin. 
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with UV light using a 365 nm standard laboratory UV lamp. It showed smooth conversion to the 
ring-closed isomer, which could be ring-opened again by white light irradiation (> 400 nm, 
1000 W Xe arc lamp, longpass filter). Absorption bands for the ring-open and ring-closed 
isomers were bathochromically shifted by ca. 10 nm. Importantly, irradiation of a bare P3HT 
film drop-casted from a CHCl3-solution (0.3 mg/mL) showed no spectral changes upon 
irradiation with UV or white light under the same conditions. In the UV/Vis spectrum of a film 
obtained from a mixture of P3HT and 40 wt% of DAE 1c(o) the absorption band of the ring-
open isomer of the DAE in the UV range can clearly be differentiated from the P3HT 
background (Figure 46a). Upon UV irradiation (365 nm) it decreases while a new band evolves 
at 370 nm and the absorbance between 400 – 600 nm rises, indicating the efficient formation of 
the ring-closed isomer. The process is almost fully reversible upon subsequent white light 
irradiation of the film (Figure 46b). To estimate the conversion to the ring-closed isomer upon 
UV irradiation a film of 40 wt% of the isolated ring-closed isomer 1c(c) in the P3HT matrix was 
prepared. After complete ring-opening using white light (Figure 46c) and subsequent ring-
closure using UV light (Figure 46d), the initial absorbance in the visible region is not fully 
reached, indicating that ca. 65% of the ring-open isomer undergo ring-closure in the film. 
 
Figure 46. a) UV/Vis spectra of a film of 40 wt% 1c(o) in P3HT, drop-casted from a CHCl3-solution 
(0.3 mg/mL) on a quartz substrate, during irradiation with UV-light (365 nm, standard laboratory UV 
lamp) and b) during subsequent irradiation with white light (> 400 nm, 1000 W Xe, longpass filter). c) 
UV/Vis spectra of a film of 40 wt% 1c(c) in P3HT, drop-casted from a CHCl3-solution (0.3 mg/mL) on a 
quartz substrate, during irradiation with white light and b) during subsequent irradiation with UV light 
under the same conditions. 
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Figure 47. a) HOMO energy alignment between P3HT and ring-open (blue) and ring-closed (red) 
isomers of DAEs 1c and 1h, as obtained from cyclic voltammetry in methylene chloride. b) Drain current 
(normalized to drain current of bare P3HT, VD = -60 V, VG = -80 V) and corresponding field effect 
mobilities of BG-BC transistors using blends composed of P3HT and varying amounts of DAE 1c. c) 
Normalized drain current (VD = -10 V, VG = -80 V) during photoswitching of BG-BC OTFT devices 
containing DAE 1c (20 wt% in P3HT) or DAE 1h (20 wt% in P3HT) using UV light (365 nm) and white 
light (>400 nm). Each switching cycle consisted of 3 steps of UV irradiation (30 s, 2 min, 10 min) and 2 
steps of white light irradiation (2 min, 10 min). After each step a transfer curve was measured in the dark. 
Transistor devices were fabricated in the bottom gate - bottom contact (BG-BC) 
geometry by spin coating CHCl3-solutions of P3HT containing varying amounts of DAE 1c(o) 
or DAE 1h(o) on a Si/SiO2 substrate to form a thin film between pre-patterned gold source and 
drain electrodes. Compared to the drain current ID observed for a bare P3HT device, the blended 
films showed a decrease of ID at fixed gate (VG) and drain voltages (VD) upon increasing the 
amount of DAE 1c(o) up to 40 wt%. Corresponding hole mobilities measured in the saturation 
regime decrease up to a factor of 3 for the 40 wt% blend (Figure 47b). This relatively low 
decrease of hole mobility is remarkable in view of the high percentage of DAE molecules in the 
film and shows that the blending does not disrupt significantly the molecular packing of 
crystalline domains in the P3HT matrix. This was further confirmed by Grazing Incidence X-
ray Diffraction (GIXD) measurements which showed similar diffraction patterns for the blended 
films and bare P3HT. In addition to GIXD, AFM measurements also showed the absence of 
phase segregation; thus, it is concluded that the DAE molecules are located within the 
amorphous domains of the P3HT polymer. 
Upon UV illumination of the P3HT/1c(o) (20 wt%) transistor using 365 nm light the 
observed drain current is reduced by a maximum of 80% (Figure 47c). It can be restored almost 
completely by subsequent white light irradiation (> 400 nm) and further switching cycles can be 
performed. Using alternating short UV and white light irradiation pulses of 5 s each, the ID 
output of the transistor was reversibly modulated by more than 10% for 5 switching cycles 
without any loss of performance. Importantly, the maximum photoresponse of ID of a bare 
P3HT transistor was found to be less than 10% and for both UV and white light illumination ID 
increased with time. Thus, the observed current modulation in the P3HT/1c(o) transistor can be 
attributed to the isomerization of the DAE between the ring-open and the ring-closed isomer 
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and the reversible formation of charge traps. Notably, the photoinduced current modulation of 
the P3HT/1h(o) device is significantly smaller than that of the P3HT/1c(o) transistor 
(Figure 47c), indicating less efficient hole transfer from the P3HT to the HOMO of 1h(c). 
The initial experiments on photocontrollable P3HT/DAE OTFTs raised the question if 
also small molecule organic semiconductors, which typically perform better due to their 
enhanced crystallinity, can be applied and how the morphology of the resulting blend and 
potentially increased phase segregation influence the transistor performance. Therefore, 
2,7-dodecylbenzothieno(3,2-b)benzothiophene BTBT (Scheme 42) was chosen as small 
molecule semiconductor, which has been shown in the literature to possess a charge carrier 
mobility between 0.1 – 16.4 cm2 V-1 s-1 depending on the processing conditions.[171] Its 
performance upon blending with DAEs is compared to the already studied P3HT based 
transistors. As photoactive compound again DAE 1(c) was chosen. From HOMO energy levels 
reported in Table 20 and in Figure 48 can be seen that in contrast to P3HT devices the HOMO 
of the ring-open form of 1c is accessible for holes in the BTBT matrix, as their HOMO energies 
are very similar. Thus, a decrease of hole mobility is expected upon blending BTBT with DEA 
1c(o). To study the influence of the blend morphology the 3,5-bis(tert-butyl)phenyl substituted 
DAE 13a (Scheme 42) was synthesized and investigated. While comprising HOMO energies 
almost identical to 1c in the ring-open and the ring-closed form, it is expected that 13a 
undergoes less pronounced intermolecular interactions with the BTBT matrix due to the 
bulkiness of the tert-butyl groups.  
 
Figure 48. HOMO energy alignment between P3HT, BTBT, as well as DAEs 1c and 13a in their ring-
open (blue) and ring-closed (red) forms, as determined by cyclic voltammetry. 
Transistors using P3HT and BTBT as matrices were fabricated in the bottom-gate top-
contact (BG-TC) geometry37 and included 20 wt% of the respective DAEs in all cases. 
Compared to the bare semiconductor, blending of P3HT with both DAEs in their ring-open 
forms did not reduce the hole mobility with values around 110-3 cm2 V-1 s-1, showing that the 
DAEs are located in the amorphous regions of the polymer and the HOMO levels are not 
                                                 
37 Note that the experiments reported before ware made on P3HT devices in the BG-BG geometry. 
However, BG-BG devices using BTBT were found to be non-functioning. 
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accessible for holes. Blending BTBT with DAE 13a(o) resulted in a moderate decrease of the 
hole mobility by a factor of 3 compared to the value of 0.64 cm2 V-1 s-1 of the bare 
semiconductor. In contrast, the hole mobility of the BTBT/1c(o) blend was reduced by more 
than two orders of magnitude. As both ring-open isomers 1c(o) and 13a(o) have the same 
driving force for charge trapping the huge difference in the dark-performance of the BTBT 
transistors has to originate from differences of the morphology of the blends. Presumably, due 
to stronger interactions between 1a(o) and BTBT the crystallinity of the semiconducting matrix 
is significantly reduced resulting in a charge carrier mobility. Further evidence for this 
assumption was found by GIXD, AFM, confocal fluorescence microscopy, and measurement of 
the photokinetics for ring-closure of the DAEs within the BTBT matrix. 
Photoswitching of the P3HT/1c(o) based devices (Figure 49a) proceeds in a very similar 
manner to the experiments using BG-BC transistors (vide supra). The drain current decreases by 
68% upon UV irradiation and it is restored upon visible light irradiation. Notably, the 
P3HT/13(a) blend shows a smaller current variation of only 22% under the same irradiation 
conditions. Again, this may be attributed to a different interaction between P3HT and DAE 13a. 
For BTBT devices the differences between the two DAE derivatives in the isomerization 
induced current modulation are much more pronounced. While DAE 13a shows a moderate 
modulation of ID of 40%, in case of the BTBT/1c(o) blend it is reduced by almost 100% upon 
UV irradiation (Figure 49b). Thus, for both DAEs the decrease of the drain current is larger for 
the BTBT devices than for P3HT, indicating that the traps formed by ring-closure are deeper in 
energy in the BTBT blends, which has been predicted the HOMO energy alignment (Figure 48). 
Surprisingly, upon irradiation with visible light the drain current did not recover at all for the 
BTBT/1c(o) blend and the switching process showed significant fatigue for the BTBT/13c(o) 
blend. However, by optical spectroscopy on blended films it could be proven that 
photochemical ring-opening of 1c and 13a does take place in the BTBT matrix. 
To further understand the observed phenomenon, the time for UV irradiation of the 
transistors was restricted to a total of 30 s for one switching cycle. Thereby, in the P3HT based 
transistors only a small current modulation could be observed (Figure 49c). In contrast, for the 
BTBT/1c(o) blend still a maximum decrease of ID by 90% was detected while the BTBT/13a(o) 
blend showed a current modulation of only 20% (Figure 49d). This is again indicative for a 
much stronger interaction of DAE 1c with BTBT resulting in higher charge carrier trapping 
efficiency. Importantly, when using short UV irradiation times the observed current modulation 
is fully reversible for both BTBT devices. 
In view of these results, the irreversible decrease of ID in the BTBT/1c(o) device upon 
longer UV irradiation times may be explained by the irreversible formation of small amounts of 
the photochemical by-product of the DAE (see section 4.3). The annulated isomer has a very 
similar -electronic structure as the ring-closed isomer and should therefore act as a charge trap 
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as well. Obviously, due to the strong interaction between BTBT and DAE 1c the isomerization 
of only a small fraction of molecules to the ring-closed isomer is sufficient to induce a strong 
reduction of the drain current. Thus, upon longer UV irradiation the formation of a small 
amount of by-product is sufficient to irreversibly induce charge trapping and degrade the 
photoresponse of the transistor. For the BTBT/13a the observed fatigue may be explained 
analogously. However, in this case the trapping efficiencies of the ring-closed isomer and the 
by-product are less pronounced, so it takes more switching cycles to irreversibly decrease ID. 
It can be concluded that in order to construct transistors with small molecule 
semiconductors showing high intrinsic charge carrier mobility, blends of BTBT with weakly 
interacting DAE 13a have to be employed at the cost of efficiency for the photomodulation of 
the output current. If photomodulation of ID has priority, DAE 1c interacting more strongly with 
the matrix is superior. However, due to the strong interaction the dark-performance of the 




Figure 49. Comparison of the photoswitching of a) P3HT and b) BTBT based TFTs for long UV 
irradiation times and of c) P3HT and d) BTBT based TFTs for short UV irradiation times. All devices 
were in the BG-TC geometry and active layers contained 20 wt% of the respective DAE derivatives. 
Normalized maximum drain currents were extracted from transfer curves recorded in the dark at fixed 
gate (VG = -80 V) and drain (VD = -10 V) voltages. Long UV irradiation cycles consisted of 3 steps of UV 
irradiation (365 nm, 90 s, 120 s, 600 s) and 2 steps of irradiation with visible light (546 nm, 120 s, 600 s). 
For short UV irradiation cycles the UV irradiation was restricted to 3 steps of each 10 s.  
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4.6.3 Photocontrollable n-type OTFTs 
The concept of introducing photocontrollable trapping states into a semiconducting matrix using 
DAEs was extended to n-type semiconductors. Therefore, DAEs possessing a strong modulation 
of their LUMO energies between the ring-open and ring-closed form are needed. Importantly, 
the absolute LUMO energies have to be very low in order to be compatible with common 
organic n-type semiconductors. Thus, structurally similar DAEs 2i and 4i were chosen, both 
possessing strongly electron accepting perfluorocyclopentene as bridging moiety and 3,5-bis(tri-
fluoromethyl)phenyl substituents in the periphery (Scheme 43). From the results presented in 
section 4.5 can be deduced that these DAEs are amongst the structures possessing lowest 
LUMO energies of all compounds investigated in this work. While DAE 2i in its ring-closed 
form possesses a LUMO energy of -3.5 eV, the additional nitrogen of the thiazole rings of DAE 
4i slightly shifts its LUMO energy further down to -3.7 eV (Table 21, Figure 50a). LUMO 
levels of both ring-open isomers are more than 1 eV higher in energy. 
Two fullerene based semiconductors, PCBM and ICBA (Scheme 43), were chosen as 
matrices for the construction of the OTFTs. Their LUMO energies perfectly align with that of 
the DAEs in order to fulfill the energetic requirements. Thereby, the LUMO of ICBA is 
positioned at slightly higher energies than both of the ring-closed DAEs while the LUMO of 
PCBM is positioned in-between the two ring-closed isomers (Table 21, Figure 50a). This results 
in the situation that the LUMO energy difference ΔE1 = 290 meV between ICBA and DAE 4i(c) 
represents the largest driving force for electron trapping amongst the four possible 
fullerene/DAE blends. For the combinations of ICBA and 2i(c) as well as PCBM and 4i(c) a 
smaller driving force with ΔE2 = ΔE3 = 100 meV is predicted. Finally, for the combination of 
PCBM with 2i(c) no driving force for electron trapping should exist. 
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Table 21. Reduction potentials and derived LUMO energies of semiconducting matrices and DAE 
derivatives, obtained from cyclic voltammetry. Potentials are given in reference to the 
ferrocene/ferrocenium redox couple (rev = reversible, qr = quasireversible, irr = irreversible). 
comp. Epc1 / V ELUMO / eV 
2i(o)a -2.56 (irr) -2.24 
2i(c)a -1.27 (qr) -3.53 
4i(o)a -2.11 (irr) -2.69 
4i(c)a -1.08 (qr) -3.72 
PCBMb -1.18 (rev) -3.62 
ICBAb -1.37 (rev) -3.43 
a) acetonitrile/0.1 M Bu4NPF6. 
b) toluene/acetonitrile 3:1/0.1 M Bu4NPF6.
 
OTFTs with active layers composed of blends of the four possible combinations 
between the two semiconductors and the ring-open DAE isomers were fabricated in the BG-BC 
geometry by spin-coating from chlorobenzene solutions. Thereby, all blends contained 20 wt% 
of the respective DAE derivatives. For PCBM based devices electron mobilities were essentially 
unaffected by the presence of the DAEs and amounted to 0.04 cm2 V-1 s-1. In contrast, electron 
mobilities of the two blended ICBA devices were reduced by a factor of 6 compared to the 
pristine semiconductor, which possessed a mobility of 810-3 cm2 V-1 s-1. GIXD measurements 
showed that all investigated films were completely amorphous. AFM measurements and 
Scanning Auger Microscopy indicated a higher degree of phase segregation for the PCBM 
blends, explaining that the presence of the DAEs did not reduce their electron mobility. 
By irradiation of the transistors with UV (320nm) and visible (540 nm) light the 
expected photoresponse is observed. The pristine semiconductors show only negligible variation 
of the drain current upon irradiation. The same is observed for the PCBM/2i blend, which 
represents the energetically unfavorable combination for electron trapping in the ring-closed 
state of the DAE. Blends of PCBM with 4i as well as ICBA with 2i show a light induced current 
modulation of 14% and 11%, respectively. Notably, the ICBA/4i blend, possessing the largest 
driving force for electron trapping, shows the by far highest current modulation of 55%. Thus, 
the four fullerene/DAE combinations demonstrate that the photochemical current switching 
efficiency critically depends on the energy difference between the LUMO levels of the 
phohotchromic molecule and the semiconductor. 
Both PCBM and ICBA transistors show a slow decrease of the absolute drain current 
measured over several switching cycles. This fatigue, which is more pronounced in the ICBA 
case, is attributed to degradation of the semiconductors and not to the degradation or by-product 
formation of the DAE molecules. Note that DAEs 2i and 4i have been characterized as highly 
fatigue resistant in section 4.3 of this work. 
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Figure 50. a) LUMO energy alignment between PCBM and ICBA as well as open (blue) and closed (red) 
isomers of DAEs 2i and 4i, as obtained from cyclic voltammetry. b) Normalized drain current 
(VD = 40 V, VG = 80 V for ICBA, VG = 120 V for PCBM) during photoswitching of OTFT devices 
containing blends of PCBM (top) and ICBA (bottom) with 20 wt% of DAEs 2i and 4i, respectively. Each 
switching cycle consisted of 30 s of UV irradiation (320 nm) and 10 min of visible light irradiation 
(540 nm). After each irradiation step the transistor was relaxed for 30 s in the dark before a transfer curve 
was recorded. 
4.6.4 Summary 
For the first time photocontrollable OTFTs were constructed by the light-induced reversible 
energy level modulation of DAEs blended with p-type and n-type semiconductors. The blending 
approach offers the advantage that each component can be chosen to fulfill specific 
optoelectronic functions. While the utilization of well-known polymer and small molecule 
semiconductors enables the electrical operation of the transistor devices with a high efficiency, 
the DAE component of the blend can be tuned by structural modifications in order to precisely 
align HOMO and LUMO energy levels with that of the semiconductor. Thereby, the energy 
difference between the semiconductor and charge carrier traps induced by the DAE directly 
correlates to the extent of photomodulation of the output current. Furthermore, the delicate 
interplay between phase segregation within the blended films and strong intermolecular 
interactions between the DAE and the semiconductor has been demonstrated. Strong phase 
segregation gives transistors with high charge carrier mobilities but photomodulation of the 
output current may be diminished. On the other hand, strong intermolecular interactions give 
large photomodulation but reduce the crystallinity of the semiconductor and thus alternate its 
electric properties. By proper substitution of the DAE components the morphology of the 
blended films can be tuned in order to meet the demands on the device. In addition to the 
compositional flexibility, the blending approach ensures easy and cheap fabrication processes as 
well as the applicability for large-area electronics. 
For p-type transistors photomodulation of the drain current up to 90% using the small 
molecule BTBT and up to 80% using polymeric P3HT was achieved. In case of n-type 
transistors photomodulation efficiencies were significantly smaller and degradation of the 
fullerene matrices was observed. 
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To increase the transistor performance, DAE derivatives possessing LUMO levels lower 
in energy than -4.0 eV are of high interest for combining them with high-performing and air-
stable n-type semiconductors such as PDIF-CN2[172] or P(NDI2OD-T2).[173] For the construction 
of photocontrollable p-type OTFTs a broad library of DAE compounds can be accessed. 
However, it has to be noted that such electron-rich DAEs generally suffer from increased 
fatigue due to formation of the photochemical by-product (see section 4.3). It remains a 
challenge to design highly fatigue resistant DAEs possessing HOMO levels suited for charge 
trapping in p-type semiconducting matrices. 
Further, currently ongoing studies are concerned with the immobilization of thiol 
functionalized DAEs 13b and 13c on gold electrodes comprising the source and drain within the 
transistor geometry. Thus, DAEs within a self-assembled monolayer comprise an interface 
between the electrode and the semiconductor. By photoinduced changes of energy levels the 
barriers for charge injection and thus the drain current shall be modulated. 
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4.7 Towards photoswitchable catalysis 
4.7.1 Introduction 
The application of photochromic molecules for the photocontrol over chemical reactivity and 
catalysis increasingly gains attention (see section 2.2.3). Reversibly controlling the outcome of 
reactions between small molecules with light is interesting for the procession and amplification 
of optical signals within chemical systems[1] or in the emerging field of photopharmacology.[174] 
Moreover, photoswitchable catalysts have huge potential when applied to polymerization 
reactions. In principle, they would constitute a new way to precisely control the microscopic 
structure of the growing polymer, i.e. its molecular weight and distribution, the sequence of 
monomers, or its tacticity, and consequently would enable the synthesis of new polymeric 
materials with unique macroscopic properties. Therefore, in the long run, photoswitchable 
catalysts that not only switch between active and non-active states but also are able to control 
the chemo- and stereoselectivity of a polymerization reaction are of high interest. 
As a first step, activity control over an organic polymerization catalyst shall be realized 
by utilizing the electronic differences between the ring-open and ring-closed isomers of DAEs.38 
The ring-opening polymerization (ROP) of L-lactide to form polylactide (Scheme 44a) is an 
attractive target, as it is efficiently mediated by a number of organocatalysts, e.g. DMAP, 
NHCs, bifunctional thioureas, amidines, or guanidines, and thereby shows the properties of a 
living polymerization.[175] In particular, the bicyclic guanidine 1,5,7-triazabicyclo[4.4.0]dec-5-
ene (TBD, Scheme 44b) has been shown by the group of Hedrick to be an outstandingly 
efficient organocatalyst for this reaction.[176] It polymerizes 100 monomer units of L-lactide 
within 20 s reaction time using a catalyst loading of only 0.1 mol%. The resulting polymer 
shows a narrow polydispersity with a PDI of 1.19. The extraordinary high activity of TBD has 
been attributed to its bifunctional nature and its bicyclic structure.[177] While the NH-group 
activates the carbonyl function of the monomer, the basic nitrogen atom undergoes nucleophilic 
attack and ring-opens the lactide forming an N-acyl intermediate, which subsequently reacts 
with the alcohol function of the initiator or chain end. Alternatively, a purely hydrogen-bonding 
mediated mechanism is discussed for which the basic nitrogen atom activates the alcohol that 
then directly reacts with the activated monomer unit.[176c] The bicyclic structure of TBD 
provides the advantageous parallel orientation of the acidic NH-group and basic nitrogen lone-
pair.[177] In addition to the ROP of lactide and lactones, TBD proved to be an efficient 
                                                 
38 At the time the project was started no reversible photocontrol over catalysis of a polymerization 
reaction using a photochromic compound has been reported. In the meantime the group of Bielawski 
reported the photocontrol over ROP of lactide using an NHC functionalized DAE (see also section 
2.2.3).[23b] However, the catalyst showed poor reversibility of the switching process due to degradation. 
4.7 Towards photoswitchable catalysis 
143 
organocatalyst for many other small molecule reactions, such as aldol, Henry, Michael, and 
Knoevenagel reactions[177] as well as transesterifications.[178] 
 
Scheme 44. a) Ring-opening polymerization of L-lactide. b) Bicyclic structure of TBD, a highly active 
organocatalyst for the ROP of lactide and lactones, and a derived structural motif for a photoswitchable 
bicyclic guanidine. 
Inspired by the remarkable properties of TBD the DAE motif 14 (Scheme 44b) has been 
designed possessing a bicyclic guanidine functionality as bridging moiety. Thereby, the parent 
structure of TBD has been modified to a bicyclic structure consisting of a 6-membered and a 
5-membered ring and an additional double bond has been incorporated into the latter. It is 
supposed that the decrease of the size of one ring only has little influence on the basicity of the 
bicyclic guanidine, as can be seen from pKA-values measured in water[179] and nucleophilicity 
parameters collected by the group of Mayr.[180] The effect of incorporating an additional double 
bond and thus forming an aromatic imidazole ring presumably reduces the nucleophilicity by 
one order of magnitude, as can be estimated by comparing the nucleophilicity parameter of 
2-methylimidazole[181] and 2-methylimidazoline.[182] However, by ring-closure of compound 14 
the 2-aminoimidazole moiety is converted into an "2-aminoimidazoline" possessing two 
exocyclic double bonds and thus being in conjugation with the extended -system of the DAE. 
It is difficult to predict the effect of ring-closure on the basicity, nucleophilicity and hence 
catalytic activity of the guanidine motif at this point. Note that structurally related 
2-aminooxazolines and 2-aminothiazolines showed catalytic activity in the ROP of lactide.[183] 
To ensure sufficient thermal stability of the ring-closed isomer thiazole heterocycles have been 
employed for the construction of the DAE 14. 
The synthesis of compound 14 was already developed during a diploma thesis 
preceding this work.[75a] Further optimization of the synthesis is reported in section 4.1. In the 
following the photochemical properties of DAE 14 will be presented before studies on the 
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4.7.2 General properties of DAE 14 
After Cbz-deprotection of intermediate 61 to give the free guanidine 14 the compound becomes 
sensitive towards air. It has to be stored under an argon atmosphere; otherwise some 
decomposition products can be detected by TLC and UPLC within several days. Notably, after 
evaporation of the solvent under reduced pressure, the solid material obtained cannot be re-
dissolved in any neutral solvent, including CH2Cl2, MeOH, DMF, or DMSO, unless relatively 
large amounts (approximately 100 mL per mg) are used. Once dissolved, the solution can be 
concentrated by evaporation of the solvent under reduced pressure to a significantly smaller 
volume before precipitation starts. The solubility of the isolated compound can be increased by 
adding excess benzene to concentrated solutions and subsequent lyophilization under high 
vacuum. However, the solubility of the thus obtained solid material is still relatively low and 
upon storage over few days it further decreases markedly. Best results are obtained using 
solvent mixtures consisting of CH2Cl2 or THF and MeOH, which enable the preparation of 
solutions with concentrations not higher than 0.01 M.  
Note that upon addition of a small amount of acid to the solvent the solubility of 
compound 14 is massively increased. 
4.7.3 Photochemical studies 
UV/Vis spectra recorded of DAE 14 and the Cbz-protected analogue 61 in acetonitrile 
(Figure 51a-b, Table 22) show the typical characteristics of a terarylene,[20a] i.e. a DAE with an 
aromatic heterocycle in the bridge. While the absorbance of the ring-open isomers is not shifted 
compared to normal DAEs such as dithiazolylcyclopentene 3d, the low-energy absorption band 
of the ring-closed isomers is shifted by more than 100 nm to longer wavelengths. The shift is 
due to an increased conjugated length of the -system in the ring-closed state including the 
additional double bond of the bridging heterocycle. The ring-closed isomers of compounds 14 
and 61 did not show any thermal cycloreversion at 25 °C.  
Quantum yields for ring-closure and ring-opening upon UV irradiation were determined 
by analysis of the full kinetic traces revealing that the cyclization reaction of Cbz-protected 
DAE 61 proceeds slightly faster than that of DAE 14 (Table 22). However, for both compounds 
a PSS consisting of 92% of the ring-closed isomer is reached. Notably, upon prolonged UV 
irradiation for both DAEs 14 and 61 UPLC/MS showed the fast emergence of an isomeric by-
product, presumably the annulated isomer, which is discussed in section 4.3 of this work. 
Employing the procedures outlined in section 4.2, quantum yields for by-product formation of 
0.004 were determined, which demonstrates the relatively low fatigue resistance of DAEs 14 
and 61. 
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Figure 51. UV/Vis spectra of acetonitrile solutions of a) Cbz-protected DAE 61 (3.0810-5 M) and b) 
DAE 14 (3.5010-5 M) during irradiation with 310 nm light (1000 W Xe, interference filter) until reaching 
the PSS. c) Molar absorptivities of the ring-open and ring-closed isomers of 14 in acetonitrile and in 
acetonitrile containing 5.510-5 M MeSO3H. d) Photokinetic traces of 14 (3.5010-5 M) in acetonitrile and 
in acetonitrile containing 5.510-5 M MeSO3H recorded under irradiation with 313 nm light 
(I0 = 4.2010-10 E s-1 cm-3, ferrioxalate actinometry). All solutions were saturated with argon. 
Table 22. Photophysical properties of guanidine substituted DAEs in acetonitrile. 
comp. 
λmax / nm  







(313 nm)b ring-open isomer ring-closed isomer 
61 280 (3.26) 599 (1.80), 637 (1.98) 92% 0.51 0.03 0.004 
14 291 (2.57) 620 (1.50) 92% 0.32 0.03 0.004 
14c 283 (2.69) 540 (1.35) 95% 0.97 0.05 n.d. 
a)  Conversion to the ring-closed isomer in the PSS reached after UV irradiation (310 nm, 1000 W Xe), 
determined by UPLC. 
b)  Quantum yields for ring-closure, ring-opening, and by-product formation obtained by nonlinear regression of 
photokinetic data under UV-irradiation (313 nm, 500 W Xe(Hg), ferrioxalate actinometry). 
c)  In acetonitrile/5.510-5 M MeSO3H. 
 
 
Upon addition of excess methanesulfonic acid to an acetonitrile solution of DAE 14 a 
marked hypsochromic shift of the absorption bands of the ring-open and ring-closed isomers is 
observed, indicative for protonation of the guanidine moiety (Figure 51c). In the protonated 
state the ring-closed isomer thermally reverts to the ring-open form. However, no simple 
monoexponential kinetics are observed, thus only an approximate half-life of 64 h at 25 °C can 
be determined. Remarkably, in the protonated state the ring-closure of 14 proceeds with a 
significantly higher rate than in the neutral form (Figure 51d). A quantum yield of 0.97 was 
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determined using regression analysis of photokinetic data, indicating that the reaction is nearly 
photon-quantitative. However, note that the relative error of this parameter usually amounts to 
10 – 12%, as discussed in section 4.2. Possibly, after protonation of the guanidine nitrogen a 
hydrogen-bond to one of the thiazole heterocycles is formed restricting the DAE in its 
antiparallel conformation, which is in analogy to dithiazolylethenes showing photon-
quantitative cyclization reported by the group of Kawai.[21b] 
As test experiments on the potential catalytic activity of guanidine 14 in the ROP of 
lactide shall be performed in methylene chloride solutions, the photochemistry of 14 was also 
examined in this solvent. In spectroscopic concentrations (310-5 M) irradiation with UV-light 
lead to the immediate formation of the ring-closed isomer, but with every irradiation step the 
spectrum of the neutral compound was shifted more and more to the spectrum of the protonated 
species. Presumably compound 14 is sensitive to acidic trace impurities of the solvent. 
For a higher concentration, i.e. the concentration that shall be used in test experiments 
on catalytic activity, the photochemistry of DAE 14 in methylene chloride was probed by NMR 
spectroscopy (Figure 52). Therefore, a 0.01 M solution of freshly lyophilized DAE 14 was 
prepared in CD2Cl2. The compound initially did not dissolve completely, however upon UV 
irradiation (300 nm) of the NMR tube in a photochemical reactor the residual solid material 
disappeared. Before UV irradiation the 1H NMR spectrum showed sharp signals, in particular 
for the two methyl groups on the thiazole rings at ca. 2.1 ppm. Upon irradiation the sharp 
signals corresponding to the ring-open isomer gradually disappeared and an overall broadened 
spectrum evolved in which no distinct features could be identified. After 15 min at a conversion 
of ca. 73% to the ring-closed isomer no further changes were detected. Importantly, after 
subsequent visible light irradiation the initial NMR spectrum of the ring-open isomer was 
almost fully restored with only trace signals for degradation products, showing that the 
photochemical switching in a concentrated methylene chloride solution is reversible. However, 
note that after the switching cycle the color of the solution in the NMR tube appeared brownish 
instead of pale yellow as at the beginning of the experiment. 
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Figure 52. 1H NMR spectra (300 MHz) recorded during irradiation of an NMR tube containing a solution 
of 14 in CD2Cl2 (c ≈ 0.01 M) using a Rayonet RPR 100 photochemical reactor equipped with 300 nm 
lamps. Note that optical inspection of the NMR tube showed that a small amount of the material was not 
dissolved before irradiation. Conversion to the ring-closed isomer is roughly estimated from the relative 
decrease of the two sharp singlets at ca. 2.1 ppm. After 15 min of UV irradiation the NMR tube was 
placed in front of a 1000 W Xe arc lamp equipped with a longpass filter (λ>500 nm) for 1 h. 
4.7.4 Reactivity studies 
ROP of L-lactide 
To study the ROP of L-lactide the procedure reported by Hedrick and coworkers,[176a] which has 
been established in the Hecht group by Dr. Philipp Viehmann,[184] was followed. For 
experimental details see section 6.6. 1-Pyrenebutanol was used as the initiator in a ratio of 1:100 
to the L-lactide monomer. The polymerization conditions were tested by performing the reaction 
in CD2Cl2 using TBD (0.1 mol% relative to L-lactide) as the catalyst. After 30 s reaction time 
the polymerization was quenched by the addition of benzoic acid and a 1H NMR spectrum of 
the crude reaction mixture was recorded (Figure 53, top). The emergence of a new set of signals 
for the methyl and methine protons of the lactide backbone, the latter integrating 191:2 to the 
signal corresponding to the CH2O group of the initiator, proved the clean formation of the 
polymer. 
In order to test the ability of DAE 14 to catalyze the ROP of L-lactide, identical reaction 
conditions were chosen. Due to the restricted solubility of DAE 14 it could only be used in an 
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amount of 2 mol% relative to the monomer. After combining the monomer, catalyst and 
initiator in CD2Cl2, the reaction mixture was divided between two NMR tubes and one of the 
NMR tubes was irradiated with UV light (300 nm) in a photochemical reactor for 15 min. Then, 
the reaction was followed over a period of 17 h using NMR spectroscopy. Unfortunately, 
neither the non-irradiated nor the irradiated sample showed any sign of conversion to the 
polymer (Figure 53, middle and bottom).  
Given that the catalytic activity of guanidine 14 is expected to be significantly lower 
than that of TBD, a catalyst loading of only 2 mol% in the experiment appears to be way too 
low for an efficient reaction. Thus, due to the restricted solubility of DAE 14 no definite answer 
on its capability to catalyze the ROP of L-lactide can be given. 
 
Figure 53. 1H NMR spectra (300 MHz) of the crude reaction mixtures of the attempted ring-opening 
polymerization of L-lactide in CD2Cl2. Signals corresponding to the methine protons (left) and methyl 
protons (right) of the lactide backbone are shown. When using TBD (0.1 mol%) as catalyst clean 
conversion to the polymer is observed (top). If 14 (2 mol%) is employed as catalyst, no conversion can be 
observed, neither in the non-irradiated nor in the irradiated NMR tube (middle and bottom). 
Determination of pKa values 
In order to compare the properties of DAE 14 with other organic bases and to determine the 
effect of the isomerization reaction, pKa values were determined in acetonitrile for both the ring-
open and ring-closed isomers. Therefore, the procedure described by Leito and coworkers[185] 
consisting of titration of the analyte in presence of a reference base with an optically transparent 
acid and following of the spectral changes using UV/Vis spectroscopy was applied. Thereby, 
the difference of the pKa values between the analyte and the reference must not be larger than 2 
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units. The reference base 2-amino-1-methylbenzimidazole ABI, for which a pKa value of 16.31 
in acetonitrile has been reported,[185b] proved to fulfill this condition. 
Acetonitrile solutions of 14(o), 14(c), and ABI were titrated with methanesulfonic acid 
and the spectral changes were recorded by UV/Vis spectroscopy (Figure 54a-c). For 
experimental simplicity, the titration of the ring-closed isomer 14(c) was performed using a 
solution of 14(o) which was pre-irradiated to the photostationary state. The residual amount of 
the ring-open isomer was neglected. The absorption spectra of all three titration experiments 
show smooth conversion to the protonated species with several sharp isosbestic points present.  
In a second experiment mixtures of 14(o) and ABI as well as 14(c) and ABI were 
titrated (Figure 54d-e) and the occurring spectral changes were evaluated at wavelengths at 
which isosbestic points were observed in the titration spectra of the pure compounds (for details 
see section 6.1.2). Note that the absolute and relative concentrations of the analyte and the 
reference are of no importance for the experiment. They were chosen in a way that both species 
contribute to ca. 50% to the total absorbance. Evaluation of the titration data revealed a ΔpKa of 
0.220.15 between 14(o) and ABI and a ΔpKa of 0.730.09 between ABI and 14(c) (Figure 55). 
 
Figure 54. UV/Vis spectra of acetonitrile solutions recorded upon addition of a solution of methane-
sulfonic acid (1.0810-3 M in acetonitrile) in steps of 10 µL: a) Ring-open isomer 14(o) (3.5010-5 M), b) a 
solution of 14(c) (ca. 3.510-5 M) obtained by pre-irradiation of the ring-open isomer to the PSS, c) 
2-amino-1-methylbenzimidazole ABI (6.0010-5 M), d) a mixture of 14(o) (1.7510-5 M) and ABI 
(3.0010-5 M), e) a mixture of 14(c) (1.7510-5 M) and ABI (3.0010-5 M), f) a mixture of 14(o) 
(1.210-5 M) and 14(c) (2.310-5 M). All spectra have been corrected for dilution by addition of the acid. 
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Figure 55. Experimental ΔpKa and derived absolute pKa values in reference to 2-amino-1-methylbenz-
imidazole ABI.[185b] 
A relative pKa difference can also be measured directly between the ring-open and ring-
closed isomer of DAE 14. Therefore, a solution of 14(o) was irradiated using UV light until a 
conversion of ca. 60% to the ring-closed isomer was reached and the resulting mixture was 
titrated with methanesulfonic acid (Figure 54f). Thus, a ΔpKa of 0.950.15 was determined, 
which is in perfect agreement with the values obtained in reference to ABI (Figure 55). This 
also shows that the error by using the photostationary mixture instead of the pure ring-closed 
isomer of DAE 14 in a titration against the reference base is only marginal and an absolute pKa 
value for the ring-closed isomer can be determined. 
Remarkably, the results prove that the ring-open and ring-closed isomers of DAE 14 
differ in their basicity by almost one order of magnitude, with the ring-closed isomer being the 
less basic. The observed ΔpKa is comparable to values reported in the literature for the 
isomerization induced change of the acidity of phenol[67,74] and carboxylic acid groups[186] 
coupled to the DAE photochromes. The first photoswitchable bases, which were realized by 
reversible steric shielding of a piperidine group using an azobenzene tether by the group of 
Hecht in 2008,[187] showed a comparable pKa change of 0.7-0.8 in acetonitrile. 
On an absolute scale the basicity of the guanidine motif 14 is much smaller than that of 
the prototype TBD structure (pKa = 26.03 in acetonitrile[185b]), the latter presumably being very 
similar to that of the saturated 5-6-bicyclic analogue[179-180] (Scheme 45a). This indicates that the 
incorporation of an additional double bond into the 5-6-bicyclic structure comprises a major 
change to the ability of the guanidine motif to stabilize the protonated species. Due to the 
aromaticity of the 5-membered ring and consequently the delocalization of the nitrogen lone-
pairs their capability to stabilize the positive charge on the guanidine carbon atom in the 
protonated state is significantly reduced (Scheme 45b). Somewhat surprisingly, the basicity of 
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the ring-closed isomer of DAE 14 is even lower, though the aromaticity of the 5-membered ring 
is destroyed by the cyclization reaction. However, both nitrogen atoms of the 5-membered ring 
are now in conjugation with the -electronic system of the DAE, which obviously reduces their 
capability to stabilize the charge in the protonated state even more.  
Based on the experimental findings and these considerations two improved bicyclic 
guanidine motifs for the incorporation into the DAE skeleton are proposed. First, the 
unsaturated bicyclic guanidine could be used as an "arm" of the DAE instead as bridging moiety 
(Scheme 45c). Therefore, the 5-position of the imidazole ring has to be substituted with a 
methyl group. While in the ring-open isomer this should not comprise any significant change 
compared to DAE 14, in the ring-closed isomer the tertiary nitrogen atom within the 
5-membered ring is now electronically isolated from the -system. Thus, a higher basicity of the 
ring-closed isomer would be expected.  
 
Scheme 45. Protonation equilibria for a) the saturated 5-6-bicyclic guanidine, b) the unsaturated 5-6-
bicyclic guanidine used as bridge of a DAE, c) the unsaturated 5-6-bicyclic guanidine used as an "arm" of 
a DAE, and d) analogous 1,3-dialkylimidazol-2-ylidene amines used as bridge of a DAE. The lengths of 
the reaction arrows indicate the assumed positions of the equilibria. 
Secondly, making a small structural modification, i.e. substituting the nitrogen in the 
3-position of the imidazole ring with a methyl group, would turn the guanidine bridge of the 
ring-open isomer into a non-aromatic, cross-conjugated 1,3-dialkylimidazol-2-ylidene amine 
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consequently is stabilized. This should result in a significantly higher basicity of the ring-open 
form. In contrast, in the ring-closed form the lone-pairs of the nitrogen atoms are still in 
conjugation with the DAE -system. Thus, a basicity comparable to that of the ring-closed 
isomer of DAE 14 would be expected. The proposed motif is in analogy to N-alkyl-1,3-dialkyl-
4,5-dimethylimidazol-2-ylidene amines, which were shown to possess superbasic properties 
with pKa constants between 23 – 30 in acetonitrile.[188] 
Testing DAE 14 in a Henry reaction 
Further reactivity studies using guanidine DAE 14 as a general base catalyst for small molecule 
reactions were unsuccessful due to the restricted solubility of the compound. In particular, the 
Henry reaction between 4-nitrobenzaldehyde and nitromethane, a reaction that is catalyzed by a 
large variety of organic bases[189], was employed. Preliminary tests revealed that TBD 
(10 mol%) is a highly efficient catalyst for this reaction, triethylamine has moderate activity 
with full conversion within 24 h, and pyridine shows no activity at all (Table 23). Thus, it was 
anticipated that the two isomers of DAE 14, with their pKa constants being located in-between 
that of triethylamine and pyridine, would be able to catalyze the Henry reaction with a marked 
rate difference. Indeed, both isomers showed full conversion within 72 h reaction time, as 
indicated by TLC. Note that only 5 mol% of catalyst could be used and that a mixture of THF 
and methanol had to be employed as solvent to ensure solubility of DAE 14.  
Table 23. Preliminary tests for base catalysis of a Henry reaction by TLC.a 
 
catalyst pKa (AN) 
time until full 
conversion (TLC) 
TBD (10 mol%) 26.03[185b] < 2 min 
NEt3 (10 mol%) 18.82[185b] ca. 24 h 
14(o) (5 mol%)b 16.53 ca. 72 h 
14(c) (5 mol%)b 15.58 ca. 72 h 
pyridine (10 mol%) 12.53[185b] no reaction 
a) Conditions: 4-Nitrobenzaldehyde (1.0 mmol), nitromethane 
(0.64 mL, 12.0 mmol) and the catalyst in 2.5 mL of THF at room 
temperature. TLC eluent: petrol ether/ethyl acetate 3:1. 
b) In THF/MeOH 2:1. 
 
Unfortunately, it was not possible to determine the rate difference between the ring-
open and ring-closed isomer by following the progress of the reaction in THF-d8/MeOH using 
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acetal in presence of methanol, also taking place under neutral conditions.[190] The equilibration 
proceeded in parallel to the formation of the nitroaldol product and 1H NMR signals for the 
dimethyl acetal completely overlapped with that of the starting material and the product. Thus, 
no quantitative analysis could be conducted.  
4.7.5 Summary 
After the completion of the synthesis of bicyclic guanidine substituted DAE 14 its 
properties as a catalyst for the ring-opening polymerization of L-lactide were tested. 
Unfortunately, both the ring-open and ring-closed isomers did not show any catalytic activity in 
this reaction. However, the low solubility of DAE 14 prevented the utilization of higher catalyst 
loadings than 2 mol%. In order to quantify the difference between the highly active bicyclic 
guanidine TBD and DAE 14, pKa constants were determined for both isomers in acetonitrile. 
While the absolute pKa values were much lower than that of TBD, the difference of the basicity 
between the ring-open and ring-closed isomer amounted to almost one order of magnitude.  
Utilizing DAE 14 as a catalyst in a Henry reaction between 4-nitrobenzaldehyde and 
nitromethane revealed catalytic activity of both isomers. However, due to the low solubility of 
DAE 14 the catalyst loading could not be increased and the rate difference between the two 
isomers could not be determined.  
Based on these findings two improved structural designs for photoswitchable bicyclic 
guanidines are proposed. The motif can either be placed as an "arm" of the DAE or methylation 
of the imidazole nitrogen converts it into a 1,3-dialkylimidazol-2-ylidene amine. In particular 
for the latter structure a significant increase of the basicity and thus the potential catalytic 
activity of the ring-open isomer are predicted. To improve the solubility of the guanidine 
substituted DAE the utilization of thiophenes as hetaryl rings or the attachment of solubilizing 
groups should be considered. Furthermore, in a second generation of guanidine substituted 
DAEs the 3,5-bis(trifluoromethyl)phenyl substituent should be used in the periphery to ensure 
an increased fatigue resistance.  
Another possibility to apply the photoswitchable bicyclic guanidine motif is to exploit 
its supramolecular association behavior. In the protonated state bicyclic guanidines such as TBD 
show remarkably high association constants in hydrogen bond mediated complexes with 
carboxylate and other oxoanions.[177,191] Exploration of the isomerization induced changes of the 
strengths of hydrogen-bonding interactions of guanidine motif 14 may lead to its application 
within photoswitchable supramolecular assemblies or polymers.[75b,184] 






With the aim of using DAEs as remote-controllable building blocks in functional systems, basic 
properties of their photochromic reaction were investigated and tuned in order to design highly 
efficient switches that fulfill the requirements of potential applications. In particular, the fatigue 
behavior, the electrochemical isomerization reaction, and the isomerization induced shifts of 
HOMO and LUMO levels of the DAE core have been studied in this work. Therefore, a large 
variety of DAEs was synthesized by varying the nature of the bridging unit as well as the 
heterocycles forming the cyclohexadiene core, by placing different substituents into the DAE's 
periphery possessing strong electron donating or strong electron-withdrawing character, and by 
exchanging the methyl substituents at the ring-closing carbons with CF3 groups. In particular, 
the synthesis of α-trifluoromethyl substituted DAEs is unprecedented in the literature and they 
were shown to possess remarkable photochemical properties. α-CF3 groups were also 
demonstrated to have strong impact on the DAE's -electronic system leading to large variations 
of HOMO and LUMO levels upon ring-closure.  
By developing a procedure for the determination of quantum yields for the formation of 
the known by-product of DAE photochromism, an in-depth characterization of the fatigue 
properties of the synthesized compounds was conducted. Thereby, the general trend could be 
revealed that the more and the stronger acceptor substituents are present on the DAE core the 
lower is the rate of by-product formation. Importantly, structures containing the 
perhydrocyclopentene bridge were identified which show a similar fatigue resistance as the 
commonly used perfluorocyclopentene bridged DAEs. This gives high structural and synthetic 
flexibility for the design of DAEs possessing excellent photochromic properties. The observed 
experimental trends could not be easily rationalized on the basis of ground state properties, so 
that further spectroscopic and theoretical investigations have to be performed to reveal the 
mechanism of by-product formation. 
Investigations into the electrochemistry of DAEs lead to the identification of a motif 
that can be orthogonally switched between the two isomers using redox- and photochemistry. 
By the incorporation of α-CF3 substituted heterocyclic building blocks the fatigue of the 
oxidative ring-closure reaction could be significantly reduced and insights into the underlying 
mechanism could be gained. Furthermore, screening of the redox properties of the members of 
the DAE library revealed that HOMO and LUMO levels of the DAE photochromes can be 
precisely tuned over a broad energy range and that specific structures show an exceptionally 
high modulation of the electronic levels upon the isomerization reaction.  
By precisely aligning HOMO and LUMO energies between specific DAE derivatives 
and organic semiconductors photocontrollable organic thin film transistors could be realized via 
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a simple blending approach. Thereby, the trapping of charge carriers within the device was 
reversibly controlled by the light-induced isomerization of DAE molecules within the 
semiconducting matrix. The principle was demonstrated to work for both p-type and n-type 
semiconductors using DAEs possessing high HOMO energies or low LUMO energies, 
respectively. Moreover, the delicate interplay between strong intermolecular interactions 
between the DAE and the semiconductor and phase segregation of the blended material was 
studied. The synthesis of DAEs that possess high HOMO energies for the application in p-type 
OTFTs and that show a high fatigue resistance at the same time remains a challenge. 
Furthermore, DAEs showing a modulation of LUMO levels in an energy range below -4.0 eV 
are of high interest in order to combine them with air-stable, high-performing n-type 
semiconducting matrices.  
In another attempt to exploit the isomerization induced electronic modulations, a 
bicyclic guanidine bridged DAE was designed as a potentially photoswitchable organocatalyst, 
in particular for the anionic ring-opening polymerization of lactide and lactones. However, it 
turned out that the guanidine motif showed no catalytic activity in the polymerization reaction. 
By determining pKa constants in acetonitrile it was revealed that the basicity of the guanidine is 
significantly lower than that of the parent, catalytically active bicyclic guanidine structure due 
to the electronic coupling with the DAE's - system. The activity of the guanidine motif may be 
increased by small structural modifications to limit the electronic coupling with the DAE or to 
implement superbasic properties. Furthermore, the impact of the photoisomerization on the 









6. Experimental Part 
6.1 Instrumentation and procedures 
6.1.1 UV/Vis spectroscopy 
The setup for UV/Vis spectroscopy and irradiation experiments is described in detail in section 
4.2.2. Fluorescence spectroscopy was performed using a Cary Eclipse Fluorescence 
spectrometer. For all experiments spectrophotometric grade solvents were used as received. 
6.1.2 Determination of pKa values 
The method described by Leito and coworkers[185] was applied for the determination of pKa 
values in acetonitrile. The difference between the pKa of two acids HB1+ and HB2+, with their 
corresponding free bases B1 and B2, is given by: 
 
∆݌ܭ௔ = ݌ܭ௔(ܪܤଵା) −	݌ܭ௔(ܪܤଶା) = ݈݋݃ ൬௔൫ு஻మ
శ൯∙௔(஻భ)
௔(஻మ)∙௔൫ு஻భశ൯
൰ = ݈݋݃ ቀൣு஻మశ൧∙[஻భ][஻మ]∙[ு஻భశ]ቁ (40) 
 
Thereby, it is assumed that the ratio of the activity coefficients f(HB+)/f(B) is constant for the 
two bases and molar concentrations can be used instead of molar activities. If both bases change 
their UV/Vis spectra upon protonation direct measurment of the ratios [HB+]/[B] is possible. 
This is done by recording the UV/Vis spectrum of each base separately and determining the 
isosbestic points (or wavelengths for which the absorbance does not change) upon protonation 
with optically transparent methanesulfonic acid. Then, the mixture of the two bases is titrated 
with the acid and at an isosbestic wavelength λ observed during titration one base, the ratio 








with ܣ௡ఒ  the absorbance of the neutral mixture, ܣ௜ఒ the absorbance of the fully ionized mixture, 
and ܣఒ  the absorbance of the mixture at a certain point of the titration. Thus, for both bases the 
ratio [HB+]/[B] is determined at a certain point of the titration and inserted into equation (40) in 
order to calculate the relative pKa difference.  
For the experiments solutions of DAE 14 (3.5010-5 M), the reference base 
(6.0010-5 M), and methane sulfonic acid (1.0810-3 M) in spectrophotometry grade acetonitrile 
were used. The titration consisted of addition of of methanesulfonic acid in steps of 10 µL to 
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3 mL of the analyte solution. The recorded UV/Vis spectra were corrected for dilution by the 
addition of the acid. Values determined for [HB+]/[B] and ∆݌ܭ௔ at different isosbestic 
wavelengths and different points of the titration were averaged. The uncertainty of the pKa 
constant was estimated by assuming an uncertainty of the absorbance measurement of 0.002. 
6.1.3 Cyclic voltammetry 
Cyclic voltammetry was performed using a PG310 USB (HEKA Elektronik) potentiostat 
interfaced to a PC with PotMaster v2x43 (HEKA Elektronik) software for data evaluation. A 
three-electrode configuration contained in a non-divided cell consisting of a platinum disc 
(d = 1 mm) as working electrode, a platinum plate as counter-electrode, and a saturated calomel 
electrode (SCE) with an agar-agar-plug in a Luggin capillary with a diaphragm as reference 
electrode was used. Measurements were carried out in 110-3 M solutions in acetonitrile (HPLC-
grade, dried over calcium hydride and distilled) containing 0.1 M Bu4NPF6 using a scan rate of 
dE/dt = 1 V s-1. The data is given in reference to the ferrocene redox couple (Fc/Fc+), which was 
used as external standard. Cyclic voltammograms of ring-closed isomers of diarylethenes were 
obtained by irradiation of the electrochemical cell using a standard laboratory UV-lamp 
equipped with a 313 nm UV-tube (Vilber Lourmat). 
6.1.4 Spectroelectrochemistry of 11a 
Spectroelectrochemistry was performed using a quarz cuvette with 1 mm pathlength in an 
Avantes AvaSpec-2048x14 spectrometer combined with an AvaLight-DH-S-BAL light source. 
The cuvette was equipped with a platinum net as working electrode, a platinum wire as counter 
electrode, and an Ag/AgNO3 reference electrode connected to an Autolab PGSTAT128N 
potentiostat from Metrohm GmbH, Germany. An acetonitrile solution of 11a (c = 510-4 M) 
containing 0.1 M Bu4NPF6 was placed in the cuvette and a potential scan was performed using a 
scan rate of 10 mV/s while UV/Vis-spectra were recorded every 10 mV. As reference the 
ferrocene/ferrocenium redox couple was determined to have an oxidation potential of 0.21 V in 
this configuration. 
6.1.5 Repetitive electrochemical and photochemical switching of 11a and 11b 
Repetitive switching was performed with an argon saturated solution of the respective ring-open 
isomer (c = 510-4 M) in acetonitrile containing 0.1 M Bu4NPF6, which was placed into a 
divided H-cell equipped with platinum nets as working and counter electrodes, a standard 
calomel electrode (SCE) as reference, and a magnetic stir bar. Each switching cycle consisted of 
an oxidation step by applying a potential of 1.3 V in case of 11a or a potential of 1.8 V in case 
of 11b over a period of 5 min, immediately followed by a reduction at a potential of -0.3 V 
[SCE]. This procedure led to formation of the ring-closed isomer. Ring-opening was then 
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accomplished by irradiating the cell with visible light using a 1000 W Xe arc lamp in 
combination with a longpass-filter ( > 430 nm) until no further changes could be observed by 
UV/Vis spectroscopy. After each reduction step and irradiation step an analytical sample of the 
mixture was analyzed by UV/Vis spectroscopy and by UPLC. 
 
6.1.6 Computation 
All calculations have been performed using the Gaussian09 (Rev. A02 and Rev. C01)[192] 
software package. For geometry optimizations no symmetry constraints were applied. 
Optimized structures were proven to correspond to minima on the potential energy surface by 
frequency calculatios. All energies include zero-point corrections. 
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6.2 General synthetic methods 
Solvents and commercial starting materials were used as received. All reactions requiring inert 
gas atmosphere were performed under argon atmosphere. Solvents were dried before use, if 
necessary, employing an Innovative Technologies solvent purification system. THF was further 
dried by storing over activated molecular sieves (4 Å). Column chromatography was carried out 
with silica gel (0.035–0.070 mm, 60 Å) using eluents as specified. All experiments involving 
light-sensitive compounds were carried out in the dark under red light. NMR spectra were 
recorded on a 500 MHz Bruker AV 500, a 400 MHz Bruker AV 400, or a 300 MHz Bruker 
DPX 300 spectrometer at 25 °C using residual protonated solvent signals as internal standards 
for 1H and 13C spectra (1H: δ(CHCl3) = 7.26 ppm, δ(CH2Cl2) = 5.32 ppm and 13C: 
δ(CDCl3) = 77.16 ppm, δ(CD2Cl2) = 53.84 ppm) or CFCl3 as external standard for 19F spectra 
(δ(CFCl3) = 0 ppm). UPLC/MS was performed with a Waters UPLC Acquity equipped with a 
Waters LCT Premier XE Mass Detector for UPLC-HR-MS, with Waters Alliance systems 
(consisting of a Waters Separations Module 2695, a Waters Diode Array Detector 996 and a 
Waters Mass Detector ZQ 2000). Preparative GPC was performed on a LC-9210NEXT 
preparative recycling GPC (Japan Analytical Industry). Microwave assisted reactions were 
performed in a CEM Discover 300 W microwave system. Preparative irradiations were 
performed using 30 mL quartz tubes placed in a Rayonet RPR 100 photochemical reactor 
equipped with 250 nm, 300 nm, or 350 nm lamps.  
The syntheses of compounds 3d, 11a, 12, 27, 28, 41, 42, 46, 47, 48, 57, and 58 were 
described in a diploma thesis preceding this work.[75a] Syntheses of compounds 1f[193], 6c[104a], 
17[104a], 20[104a], and  22[104a] were reported elsewhere. Compounds 8b, 9c, 79, 80, and 83 – 87 
were reported in a bachelor thesis by Fabian Eisenreich.[137] Compounds 16[19a], 18[108], 19[19a], 
21[19a], 23[19a], 24[194], 26[195], 36[196], 40[197], 45[198], 53[199], 55[200], and 92[13] were prepared as 
described in the literature. 
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6.3 Syntheses of DAEs 
1,2-Bis(5-(4-N,N-dimethylaminophenyl)-2-methylthien-3-yl)cyclopent-1-ene 1a 
 
In analogy to a literature procedure,[19a] 1,2-bis(5-chloro-2-methylthiophen-3-yl)cyclopent-1-ene 
16 (0.500 g, 1.52 mmol, 1.0 eq.) was dissolved in 15 mL of anhydrous THF and n-BuLi (2.2 M 
in cyclohexane, 2.10 mL, 4.56 mmol, 3 eq.) was added dropwise at room temperature. The dark 
solution was stirred at room temperature for 30 min. Then, tri(n-butyl) borate (1.23 mL, 
4.56 mmol, 3 eq.) was added in one portion and the resulting mixture was stirred at room 
temperature for 1 h. In the meantime, 4-N,N-dimethylaminobromobenzene (1.519 g, 7.59 mmol, 
5 eq.) was dissolved in 15 mL of toluene, Pd(PPh3)4 (0.175 g, 0.15 mmol, 0.1 eq.) was added, 5 
drops of ethylene glycol were added, and the mixture was stirred at room temperature for 
15 min. An aqueous solution of Na2CO3 (2 M, 10 mL, 20.0 mmol, 13 eq.) and the previously 
prepared solution of the borylated bisthienylcyclopentene were added and the mixture was 
stirred at 80 °C for 16 h. After cooling to room temperature, 100 mL of water were added and 
the mixture was extracted with 50 mL of ethyl acetate three times. The combined organic 
phases were washed with brine, dried over MgSO4 and evaporated. Purification by column 
chromatography (petrol ether/ethyl acetate/triethylamine 100:4:4) afforded compound 1a 
(0.189 g, 0.38 mmol, 25%) as a yellow solid. 
1H-NMR (500 MHz, CDCl3): δ (ppm) = 7.40 (d, 3JH,H = 9.0 Hz, 4 H, CHar), 6.90 (s, 2 H, CHar), 
6.71 (d, 3JH,H = 9.0 Hz, 4 H, CHar), 2.97 (s, 12 H, NCH3), 2.85 (t, 3JH,H = 7.5 Hz, 4 H, CH2), 2.07 
(p, 3JH,H = 7.5 Hz, 4 H, CH2), 1.97 (s, 6 H, CH3).  
13C-NMR (126 MHz, CDCl3): δ (ppm) = 149.8, 140.4, 136.6, 134.6, 132.5, 126.4 (CH), 123.5, 
121.9 (CH), 112.8 (CH), 40.7 (CH3), 38.6 (CH2), 23.2 (CH2), 14.5 (CH3).  




In an intended monocoupling, a mixture of the bis(pinacol boronate) 29 (1.445 g, 2.82 mmol. 
1.0 eq.), 4-bromoanisole (0.649 g, 3.47 mmol, 1.2 eq.), Pd(OAc)2 (24 mg, 0.11 mmol, 0.04 eq.), 
SPhos (89 mg, 0.22 mmol, 0.08 eq.) and K3PO4 (ground, 0.921 g, 4.338 mmol, 1.5 eq.) in 8 mL 
of toluene was degassed by bubbling argon through it for 10 min and then stirred at 100 °C for 
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with ethyl acetate, and the filtrate was evaporated. Purification by column chromatography 
(petrol ether/ethyl acetate 20:1) afforded compound 1b (0.124 g, 0.25 mmol, 9%) as a white 
solid. 
1H-NMR (500 MHz, CDCl3): δ (ppm) = 7.43 (d, 3JH,H = 8.8 Hz, 4 H, CHar), 6.93 (s, 2 H, CHar), 
6.88 (d, 3JH,H = 8.8 Hz, 4 H, CHar), 3.82 (s, 6 H, CH3O), 2.85 (t, 3JH,H = 7.4 Hz, 4 H, CH2), 2.08 
(p, 3JH,H = 7.4 Hz, 2 H, CH2), 2.00 (s, 6 H, CH3). 
13C-NMR (126 MHz, CDCl3): δ (ppm) = 158.9, 139.6, 136.7, 134.7, 133.6, 127.6, 126.7 (CH), 
123.1 (CH), 114.3 (CH), 55.5 (CH3), 38.6 (CH2), 23.1 (CH2), 14.5 (CH3).  




Compound 1c was synthesized following the procedure described for 1a using 1,2-bis(5-chloro-
2-methylthiophen-3-yl)cyclopent-1-ene 16 (2.806 g, 8.52 mmol, 1.0 eq.) in 40 mL of THF, 
n-BuLi (2.2 M in cyclohexane, 9.68 mL, 21.30 mmol, 2.5 eq.), tri(n-butyl) borate (6.90 mL, 
25.56 mmol, 3.0 eq.), p-tolylbromide (6.995 g, 40.90 mmol, 4.8 eq.) in 20 mL of THF, 
Pd(PPh3)4 (0.492 g, 0.42 mmol, 0.05 eq.), and aqueous Na2CO3 (2 M, 42.6 mL, 85.2 mmol, 
10 eq.). The reaction was performed at 80 °C for 16 h. Column chromatography (petrol 
ether/methylene chloride 10:1) afforded compound 1c (1.366 g, 3.10 mmol, 36%) as a white 
solid. 
1H-NMR (500 MHz, CDCl3): δ (ppm) = 7.44 (d, 3JH,H = 7.5 Hz, 4 H, CHar), 7.17 (d, 
3JH,H = 7.5 Hz, 4 H, CHar), 7.04 (s, 2 H, CHar), 2.88 (t, 3JH,H = 7.0 Hz, 4 H, CH2), 2.38 (s, 6 H, 
CH3), 2.12 (p, 3JH,H = 7.0 Hz, 2 H, CH2), 2.03 (s, 6 H, CH3). 
13C-NMR (126 MHz, CDCl3): δ (ppm) = 139.9, 136.9, 136.7, 134.7, 134.0, 131.9, 129.6 (CH), 
125.4 (CH), 123.6 (CH), 38.6 (CH2), 23.2 (CH2), 21.2 (CH3), 14.5 (CH3).  




Compound 1d was synthesized following the procedure described for 1a using 1,2-bis(5-chloro-
2-methylthiophen-3-yl)cyclopent-1-ene 16 (0.770 g, 2.34 mmol, 1.0 eq.) in 20 mL of THF, 
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7.01 mmol, 3.0 eq.), bromobenzene (1.23 mL, 11.69 mmol, 5.0 eq.) in 10 mL of THF, 
Pd(PPh3)4 (0.270 g, 0.23 mmol, 0.1 eq.), and aqueous Na2CO3 (2 M, 11.7 mL, 23.4 mmol, 
10 eq.). The reaction was performed at 80 °C for 16 h. Column chromatography (petrol 
ether/methylene chloride 50:1) afforded compound 1d (0.549 g, 1.33 mmol, 57%) as a white 
solid. 
1H-NMR (500 MHz, CDCl3): δ (ppm) = 7.53 – 7.50 (m, 4 H, CHar), 7.37 – 7.33 (m, 4 H, CHar), 
7.26 – 7.22 (m, 2 H, CHar), 7.06 (s, 2 H, CHar), 2.87 (t, 3JH,H = 7.4 Hz, 4 H, CH2), 2.10 (p, 
3JH,H = 7.4 Hz, 2 H, CH2), 2.01 (s, 6 H, CH3). 
13C-NMR (126 MHz, CDCl3): δ (ppm) = 139.8, 136.8, 134.8, 134.7, 134.6, 128.9 (CH), 
127.1 (CH), 125.4 (CH), 124.1 (CH), 38.6 (CH2), 23.2 (CH2), 14.6 (CH3). 




Compound 1e was synthesized following the procedure described for 1a using 1,2-bis(5-chloro-
2-methylthiophen-3-yl)cyclopent-1-ene 16 (0.728 g, 2.21 mmol, 1.0 eq.) in 12 mL of THF, 
n-BuLi (1.6 M in hexane, 3.70 mL, 5.97 mmol, 2.7 eq.), tri(n-butyl) borate (1.61 mL, 
5.97 mmol, 2.7 eq.), 1,4-dibromobenzene (2.471 g, 10.48 mmol, 4.74 eq.) in 12 mL of THF, 
Pd(PPh3)4 (0.227 g, 0.20 mmol, 0.09 eq.), and aqueous Na2CO3 (2 M, 12.3 mL, 24.60 mmol, 
11 eq.). The reaction was performed at 80 °C for 2 h. Column chromatography (petrol ether) 
afforded compound 1e (0.738 g, 1.29 mmol, 59%) as a white solid. 
1H-NMR (500 MHz, CDCl3): δ (ppm) = 7.44 (d, 3JH,H = 8.4 Hz, 4 H, CHar), 7.34 (d, 
3JH,H = 8.4 Hz, 4 H, CHar), 7.01 (s, 2 H, CHar), 2.84 (t, 3JH,H = 7.4 Hz, 4 H, CH2), 2.09 (p, 
3JH,H = 7.4 Hz, 2 H, CH2), 2.00 (s, 6 H, CH3). 
13C-NMR (126 MHz, CDCl3): δ (ppm) = 138.5, 136.9, 135.2, 134.8, 133.6, 132.0 (CH), 
126.9 (CH), 124.5 (CH), 120.8, 38.6 (CH2), 23.2 (CH2), 14.6 (CH3). 
HRMS (ESI+): m/z = 567.957 ([M]+, calcd. 567.953 for [C27H2279Br2S2]+), 569.953 ([M]+, 















Compound 1g was synthesized following the procedure described for 1a using 1,2-bis(5-chloro-
2-methylthiophen-3-yl)cyclopent-1-ene 16 (1.000 g, 3.04 mmol, 1.0 eq.) in 30 mL of THF, 
n-BuLi (2.2 M in cyclohexane, 3.73 mL, 8.20 mmol, 2.7 eq.), tri(n-butyl) borate (2.46 mL, 
9.11 mmol, 3 eq.), ethyl 4-bromobenzoate (2.35 mL, 14.40 mmol, 4.75 eq.) in 10 mL of THF, 
Pd(PPh3)4 (0.312 g, 0.27 mmol, 0.09 eq.), and aqueous Na2CO3 (2 M, 23.0 mL, 46.00 mmol, 
15 eq.). The reaction was performed at 80 °C for 16 h. Column chromatography (petrol 
ether/ethyl acetate 10:1) afforded compound 1g (0.716 g, 1.29 mmol, 42%) as a pale yellow 
solid. 
1H-NMR (500 MHz, CDCl3): δ (ppm) = 7.99 (d, 3JH,H = 8.4 Hz, 4 H, CHar), 7.53 (d, 
3JH,H = 8.4 Hz, 4 H, CHar), 7.12 (s, 2 H, CHth), 4.37 (q, 3JH,H = 7.2 Hz, 4 H, CH3CH2O), 2.85 (t, 
3JH,H = 7.4 Hz, 4 H, CH2), 2.10 (p, 3JH,H = 7.4 Hz, 2 H, CH2), 2.02 (s, 6 H, CH3), 1.40 (t, 
3JH,H = 7.2 Hz, 6 H, CH3CH2O).  
13C-NMR (126 MHz, CDCl3): δ (ppm) = 166.5, 138.71, 138.69, 137.1, 136.4, 134.9, 130.3 
(CH), 128.8, 125.6 (CH), 124.9 (CH), 61.1 (CH2), 38.6 (CH2), 23.2 (CH2), 14.7 (CH3), 14.5 
(CH3).  
HRMS (ESI+): m/z = 556.171 ([M]+, calcd. 556.174 for [C33H32O4S2]+), 579.160 ([M+Na]+, 




Compound 1h was synthesized following the procedure described for 1a using 1,2-bis(5-chloro-
2-methylthiophen-3-yl)cyclopent-1-ene 16 (1.000 g, 3.04 mmol, 1.0 eq.) in 40 mL of THF, 
n-BuLi (2.2 M in cyclohexane, 3.73 mL, 8.20 mmol, 2.7 eq.), tri(n-butyl) borate (2.21 mL, 
8.20 mmol, 2.7 eq.), hexyl 4-bromobenzoate 28 (3.463 g, 12.14 mmol, 4.0 eq.) in 12 mL of 
THF, Pd(PPh3)4 (0.312 g, 0.27 mmol, 0.09 eq.), and aqueous Na2CO3 (2 M, 17.00 mL, 
34.00 mmol, 11 eq.). The reaction was performed at 80 °C for 3 h. Column chromatography 
(petrol ether/ethyl acetate 30:1) afforded compound 1h (1.407 g, 2.10 mmol, 69%) as yellow 
viscous oil. 
1H-NMR (300 MHz, CDCl3): δ (ppm) = 8.00 (d, 3JH,H = 8.4 Hz, 4 H, CHar), 7.54 (d, 
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3JH,H = 7.5 Hz, 4 H, CH2), 2.10 (p, 3JH,H = 7.5 Hz, 2 H, CH2), 2.02 (s, 6 H, CH3), 1.81 – 1.72 (m, 
4 H, CH2), 1.47 – 1.34 (m, 12 H, CH2), 0.91 (t, 3JH,H = 6.9 Hz, 6 H, CH3).  
13C-NMR (76 MHz, CDCl3): δ (ppm) = 166.5, 138.7, 137.1, 136.3, 134.9, 130.3 (CH), 128.8, 
125.5 (CH), 124.9 (CH), 65.2 (CH2), 38.6 (CH2), 31.6 (CH2), 28.8 (CH2), 25.8 (CH2), 
23.1 (CH2), 22.7 (CH2), 14.7 (CH3), 14.1 (CH3), the signal of one quaternary carbon was not 
detected due to signal overlapping. 




Compound 1i was synthesized following the procedure described for 1a using 1,2-bis(5-chloro-
2-methylthiophen-3-yl)cyclopent-1-ene 16 (1.000 g, 3.04 mmol, 1.0 eq.) in 20 mL of THF, 
n-BuLi (2.2 M in cyclohexane, 4.14 mL, 9.11 mmol, 3.0 eq.), tri(n-butyl) borate (2.46 mL, 
9.11 mmol, 3.0 eq.), 3,5-bis(trifluoromethyl)-1-bromobenzene (2.62 mL, 15.18 mmol, 5.0 eq.) 
in 10 mL of THF, Pd(PPh3)4 (0.351 g, 0.30 mmol, 0.1 eq.), and aqueous Na2CO3 (2 M, 8.00 mL, 
16.00 mmol, 5.2 eq.). The reaction was performed at 80 °C for 16 h. Column chromatography 
(petrol ether) afforded compound 1i (0.630 g, 0.92 mmol, 30%) as a white solid. 
1H-NMR (500 MHz, CDCl3): δ (ppm) = 7.86 (br s, 4 H, CHar), 7.71 (br s, 2 H, CHar), 7.15 (s, 
2 H, CHth), 2.89 (t, 3JH,H = 7.4 Hz, 4 H, CH2), 2.14 (p, 3JH,H = 7.4 Hz, 2 H, CH2), 2.06 (s, 6 H, 
CH3).  
13C-NMR (126 MHz, CDCl3): δ (ppm) = 137.3, 137.2, 136.6, 136.5, 135.1, 132.4 (q, 
2JC,F = 34 Hz, CCF3), 126.3 (CH), 125.1 (br, CH), 123.4 (q, 1JC,F = 273 Hz, CF3), 120.4 (br, 
CH), 38.5 (CH2), 23.2 (CH2), 14.7 (CH3).  
19F-NMR (470 MHz, CDCl3): δ (ppm) = -63.3 (s, CF3).  




To a Schlenk tube were added the bis(pinacol boronate) 31 (620 mg, 1.00 mmol, 1 eq.), 
4-bromotoluene (513 mg, 3.00 mmol, 3 eq.), K3PO4 (ground, 637 mg, 3.00 mmol, 3 eq.), 
Pd(OAc)2 (11 mg, 0.05 mmol, 0.05 eq.), and SPhos (41 mg, 0.10 mmol, 0.1 eq.), and the tube 
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the mixture was stirred at 80 °C for 20 h. After cooling to room temperature the mixture was 
diluted with 20 mL of ethyl acetate and filtered through a plug of Celite eluting with ethyl 
acetate. After evaporation of the solvent the residue was purified by column chromatography 
(petrol ether/toluene 9:1) affording compound 2c (213 mg, 0.39 mmol, 39%) as a white solid.  
1H-NMR (500 MHz, CDCl3): δ (ppm) = 7.43 (d, 3JH,H = 7.9 Hz, 4 H, CHar), 7.23 (s, 2 H, CHar), 
7.19 (d, 3JH,H = 7.9 Hz, 4 H, CHar), 2.37 (s, 6 H, CH3), 1.95 (s, 6 H, CH3).  
13C-NMR (126 MHz, CDCl3): δ (ppm) = 142.5, 140.9, 138.0, 130.7, 129.8 (CH), 125.9, 125.7 
(CH), 122.0 (CH), 21.3 (CH3), 14.7 (CH3), due to C-F couplings not all signals can be detected. 
19F-NMR (470 MHz, CDCl3): δ (ppm) = -110.2 (br, 4 F, CF2), -132.0 (br, 2 F, CF2).  





Bromothiophene 54 (1.000 g, 2.57 mmol, 1.0 eq.), triethylamine (2.15 mL, 15.41 mmol, 6.0 eq.) 
and Pd(PPh3)2Cl2 (90 mg, 0.13 mmol, 0.05 eq.) were dissolved in 30 mL of dry toluene and the 
mixture was degassed by repeated evacuation of the flask and refilling with argon. After the 
addition of pinacolborane (1.14 mL, 7.71 mmol, 3.0 eq.) the mixture was refluxed for 2 h at 
120 °C until TLC indicated consumption of the starting material. After cooling down to 80 °C, 
an aqueous solution of Na2CO3 (2 M, 3.6 mL, 7.2 mmol) was added very slowly due to vigorous 
gas evolution. Then, 1,2-dichlorohexafluorocylopent-1-ene 25 (208 mg, 0.85 mmol, 0.33 eq.) 
and Pd(PPh3)4 (59 mg, 0.05 mmol, 0.02 eq.) were added and the mixture was stirred at 100 °C 
for 18 h. After cooling to room temperature the mixture was extracted with ethyl acetate and the 
combined organic layers were washed with brine and dried over MgSO4. Purification by column 
chromatography (petrol ether) and purification by preparative GPC yielded compound 2i 
(270 mg, 0.34 mmol, 40%) as a white solid. 
1H-NMR (500 MHz, CDCl3): δ (ppm) = 7.91 (br, 4 H, CHar), 7.80 (br, 2 H, CHar), 7.39 (s, 2 H, 
CHar), 2.05 (s, 6 H, CH3).  
13C-NMR (126 MHz, CDCl3): 143.6, 139.2, 135.3, 132.7 (q, 2JC,F = 34 Hz, CCF3), 126.4, 125.6 
(CH), 124.8 (CH), 123.2 (q, 1JC,F = 273 Hz, CF3), 121.5 (CH), 14.9 (CH3), due to C-F couplings 
not all signals can be detected. 
19F-NMR (471 MHz, CDCl3): δ (ppm)  = -63.3 (s, 12 F, CF3), -110.3 (br, 4 F, CF2), -132.0 (br, 
2 F, CF2).  


















To a Schlenk tube were added the bis(pinacol boronate) 31 (124 mg, 0.20 mmol, 1 eq.), 
3,5-bis(pentafluorosulfanyl)-1-bromobenzene (205 mg, 0.50 mmol, 2.5 eq.), K3PO4 (ground, 
106 mg, 0.50 mmol, 3 eq.), Pd(OAc)2 (3 mg, 0.012 mmol, 0.06 eq.), and SPhos (10 mg, 
0.024 mmol, 0.12 eq.), and the tube was evacuated and refilled with argon twice. Then, 1 mL of 
degassed toluene was added and the mixture was stirred at 80 °C for 20 h. After cooling to room 
temperature the mixture was diluted with 10 mL of ethyl acetate and filtered through a plug of 
Celite eluting with ethyl acetate. After evaporation of the solvent the residue was purified by 
column chromatography (petrol ether/ethyl acetate 100:1) and lyophilized from benzene 
affording compound 2j (40 mg, 0.04 mmol, 20%) as a white solid.  
1H-NMR (500 MHz, CDCl3): δ (ppm) = 8.04 (m, 2 H, CHar), 7.97 (m, 4 H, CHar), 7.34 (s, 2 H, 
CHar), 2.09 (s, 6 H, CH3). 
13C-NMR (126 MHz, CDCl3): δ (ppm) = 144.2, 138.4, 135.4, 126.5, 126.0 (br, CH), 125.4 
(CH), 123.1 (br, CH), 14.9 (CH3), due to C-F couplings not all signals can be detected.  
19F-NMR (470 MHz, CDCl3): δ (ppm) = 81.0 (p, 2JF,F = 151 Hz, 4 F, SF5), 62.6 (d, 
2JF,F = 151 Hz, 16 F, SF5), -110.2 (br, 4 F, CF2), -132.0 (br, 2 F, CF2).  




Synthesis using the PdCl2(PPh3)2/Na2CO3 catalyst system (entry 3 of Table 1): 
Pinacol boronate 42 (4.518 g, 15.00 mmol, 3.0 eq.), 1,2-dibromocyclopentene 24 (1.130 g, 
5.00 mmol, 1.0 eq.), and PdCl2(PPh3)2 (0.175 g, 0.25 mmol, 0.05 eq.) were suspended in 10 mL 
of THF and degassed by repeated evacuation of the flask and refilling with argon. After the 
addition of Na2CO3 (2.650 g, 25.00 mmol, 5.0 eq.) the mixture was stirred at 80 °C for 20 h. 
After cooling to room temperature it was filtered through a pad of Celite eluting with ethyl 
acetate, and the filtrate was evaporated. Purification by column chromatography (petrol 
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Additionally, by the column chromatographic separation the monocoupled DAE 43 (0.562 g, 
1.75 mmol, 36%) was obtained as a pale yellow solid. 
 
Synthesis starting from monocoupled DAE 43 (entry 4 of Table 1): 
Monocoupled DAE 43 (0.560 g, 1.75 mmol, 1.0 eq), pinacol boronate 42 (1.054 g, 3.50 mmol, 
2.0 eq.), and PdCl2(PPh3)2 (61 mg, 0.09 mmol, 0.05 eq.) were placed into a Schlenk tube and the 
tube was evacuated and refilled with argon twice. Then, 6 mL of DMF and Cs2CO3 (1.425 g, 
4.38 mmol, 2.5 eq.) were added, the mixture was degassed by repeated evacuation and refilling 
with argon, and it was stirred at 100 °C for 20 h. After cooling to room temperature it was 
filtered through a pad of Celite eluting with ethyl acetate and the filtrate was evaporated. 
Purification by column chromatography (petrol ether/ethyl acetate 9:1) and recrystallization 
from ethanol afforded compound 3d (0.329 g, 0.79 mmol, 45%) as colorless crystals. 
 
Synthesis using microwave irradiation (entry 5 of Table 1): 
Cs2CO3 (0.747 g, 2.29 mmol, 4.0 eq.) and PdCl2(PPh3)2 (20 mg, 0.03 mmol, 0.05 eq.) were 
placed into each of 5 microwave tubes. To each tube 3 mL of a solution of pinacol boronate 42 
(2.590 g, 8.60 mmol, 3.0 eq.) and 1,2-dibromocyclopentene 24 (0.648 g, 2.87 mmol, 1.0 eq.) in 
a mixture of 14 mL of DMF and 1 mL of toluene were added. The tubes were degassed by 
bubbling argon through the mixtures for 5 min before they were heated in a microwave (300 W) 
to 110 °C for 20 min. The contents of all tubes were combined and filtered through a pad of 
Celite eluting with ethyl acetate. The filtrate was washed with water and brine. The organic 
phase was dried over MgSO4 and evaporated. Purification by column chromatography (petrol 
ether/ethyl acetate 9:1) and recrystallization from ethanol afforded compound 3d (0.168 g, 
0.41 mmol, 14%) as colorless crystals. 
1H-NMR (500 MHz, CDCl3): δ (ppm) = 7.91 – 7.87 (m, 4 H, CHar), 7.43 - 7.36 (m, 6 H, CHar), 
3.06 (t, 3JH,H = 7.5 Hz, 4 H, CH2), 2.18 (p, 3JH,H = 7.5 Hz, 2 H, CH2), 1.91 (s, 6 H, CH3). 
13C-NMR (126 MHz, CDCl3): δ (ppm) = 164.0, 150.4, 135.9, 134.1, 129.6 (CH), 129.5, 128.9 
(CH), 126.4 (CH), 38.4 (CH2), 22.9 (CH2), 12.2 (CH3).  




Stannane 52 (270 mg, 0.45 mmol, 3.0 eq.) and 1,2-dibromocyclopentene 24 (34 mg, 0.15 mmol, 
1 eq.) were dissolved in 2 mL of DMF and the mixture was degassed by bubbling argon through 
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was stirred at 100 °C for 6 h. After cooling to room temperature the mixture was poured into 
10 mL of brine and it was extracted 3x with diethyl ether. The combined organic phases were 
dried over MgSO4 and evaporated. Purification by column chromatography (petrol ether/ethyl 
acetate 50:1) afforded compound 3i (29 mg, 0.04 mmol, 28%) as a white solid. 
1H-NMR (500 MHz, CDCl3): δ (ppm) = 8.25 (br s, 4 H, CHar), 7.85 (br s, 2 H, CHar), 3.07 (t, 
3JH,H = 7.5 Hz, 4 H, CH2), 2.22 (p, 3JH,H = 7.5 Hz, 2 H, CH2), 2.05 (s, 6 H, CH3).  
13C-NMR (126 MHz, CDCl3): δ (ppm) = 160.2, 151.2, 136.3, 135.8, 132.5 (q, 2JC,F = 34 Hz, 
CCF3), 131.4, 126.1 (br, CH), 123.2 (q, 1JC,F = 273 Hz, CF3), 122.8 (br, CH), 38.1 (CH2), 23.0 
(CH2), 12.3 (CH3).  
19F-NMR (471 MHz, CDCl3): δ (ppm) = -63.3 (s, CF3).  





Bromothiazole 48 (0.500 g, 1.28 mmol, 1 eq.), triethylamine (1.10 mL, 7.68 mmol, 6 eq.) and 
Pd(PPh3)2Cl2 (45 mg, 0.06 mmol, 0.05 eq.) were dissolved in 15 mL of dry toluene and the 
mixture was degassed by repeated evacuation of the flask and refilling with argon. After the 
addition of pinacolborane (0.57 mL, 3.84 mmol, 3 eq.) the mixture was refluxed for 4 h at 
120 °C until TLC indicated consumption of the starting material. After cooling to 80 °C, an 
aqueous solution of Na2CO3 (2 M, 1.8 mL, 3.60 mmol) was added very slowly due to vigorous 
gas evolution. Then, 1,2-dichlorohexafluorocylopent-1-ene 25 (0.103 g, 0.42 mmol, 0.33 eq.) 
and Pd(PPh3)4 (30 mg, 0.03 mmol, 0.02 eq.) were added and the mixture was stirred at 100 °C 
for 18 h. After cooling down to room temperature the mixture was extracted with ethyl acetate 
and the combined organic layers were washed with brine and dried over MgSO4. Purification by 
column chromatography (petrol ether/methylene chloride 7:3) yielded 4i (140 mg, 0.18 mmol, 
42%) as a white solid. 
1H-NMR (500 MHz, CDCl3): δ (ppm) = 8.20 (br, 4 H, CHar), 7.90 (br, 2 H, CHar), 2.32 (s, 6 H, 
CH3). 
13C-NMR (126 MHz, CDCl3): 162.1, 141.1, 139.0, 134.8, 132.7 (q, 2JC,F = 34 Hz, CCF3), 126.3 
(CH), 123.7 (CH), 123.0 (q, 1JC,F = 273 Hz, CF3), 12.4 (CH3), signals for CF2 groups were not 
detected due to C-F coupling. 
19F-NMR (471 MHz, CDCl3): δ (ppm) = -63.4 (s, 12 F, CF3), -110.3 (br, 4 F, CF2), -132.2 (br, 
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Boronic ester 34 (643 mg, 2.60 mmol, 2.0 eq.), Pd(OAc)2 (15 mg, 0.07 mmol, 0.05 eq.), SPhos 
(59 mg, 0.14 mmol, 0.10 eq.), and K3PO4 (ground, 1.104 g, 5.20 mmol, 4.0 eq.) were added to a 
Schlenk tube and the tube was evacuated and refilled with argon twice. Then, a solution of 
mono substituted diarylethene 33 (659 mg, 1.30 mmol, 1.0 eq.) in 8 mL of toluene was added 
and the mixture was stirred at 80 °C for 24 h. After cooling to room temperature, the mixture 
was diluted with 20 mL of ethyl acetate, washed with brine, dried over MgSO4, and evaporated. 
Purification by column chromatography (petrol ether/methylene chloride 50:1 – 4:1) afforded 
compound 5a (107 mg, 0.18 mmol, 14%) as a white solid.  
1H-NMR (500 MHz, CDCl3): δ (ppm) = 7.88 (br s, 2 H, CHar), 7.70 (br s, 1 H, CHar), 7.38 (d, 
3JH,H = 8.8 Hz, 2 H, CHar), 7.18 (s, 1 H, CHth), 6.84 (s, 1 H, CHth), 6.70 (d, 3JH,H = 8.8 Hz, 2 H, 
CHar), 2.97 (s, 6 H, NCH3), 2.86 (ps t, 3JH,H = 7.4 Hz, 4 H, CH2), 2.10 (ps p, 3JH,H = 7.4 Hz, 2 H, 
CH2), 2.03 (s, 3 H, CH3), 2.00 (s, 3 H, CH3).  
13C-NMR (126 MHz, CDCl3): δ (ppm) = 150.0, 141.0, 137.7, 137.3, 136.8, 136.3, 136.19, 
136.17, 133.6, 132.4, 132.3 (q, 2JC,F = 34 Hz, CCF3), 126.5 (2x CH), 125.1 (br, CH), 123.4 (q, 
1JC,F = 273 Hz, CF3), 123.2, 121.8 (CH), 120.2 (br, CH), 112.8 (CH), 40.7 (CH3), 38.63 (CH2), 
38.60 (CH2), 23.2 (CH2), 14.7 (CH3), 14.5 (CH3).  
19F-NMR (470 MHz, CDCl3): δ (ppm) = -63.2 (s, CF3).  





Compound 5b was synthesized following the procedure described for 1a using monosubstituted 
DAE 32 (230 mg, 0.57 mmol, 1.0 eq.) in 10 mL of THF, n-BuLi (2.2 M in cyclohexane, 
0.60 mL, 1.26 mmol, 2.2 eq.), tri(n-butyl) borate (0.23 mL, 0.86 mmol, 1.5 eq.), 3,5-
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Pd(PPh3)4 (60 mg, 0.05 mmol, 0.09 eq.), and aqueous Na2CO3 (2 M, 5 mL). The reaction was 
performed at 80 °C for 16 h. Preparative GPC and column chromatography (petrol ether/ethyl 
acetate 50:1) afforded compound 5b (34 mg, 0.06 mmol, 11%) as a white solid. 
1H-NMR (500 MHz, CDCl3): δ (ppm) = 7.87 (br s, 2 H, CHar), 7.70 (br s, 1 H, CHar), 7.44 – 
7.40 (m, 2 H, CHar), 7.17 (s, 1 H, CHth), 6.90 (s, 1 H, CHth), 6.89 – 6.86 (m, 2 H, CHar), 3.82 (s, 
3 H, OCH3), 2.86 (ps t, 3JH,H = 7.4 Hz, 4 H, CH2), 2.10 (ps p, 3JH,H = 7.4 Hz, 2 H, CH2), 2.03 (s, 
3 H, CH3), 2.00 (s, 3 H, CH3).  
13C-NMR (126 MHz, CDCl3): δ (ppm) = 159.1, 140.1, 137.6, 137.2, 136.7, 136.5, 136.2, 
135.9, 133.9, 133.5, 132.3 (q, 2JC,F = 34 Hz, CCF3), 127.4, 126.8 (CH), 126.4 (CH), 125.1 (br, 
CH), 123.4 (q, 1JC,F = 273 Hz, CF3), 122.9 (CH), 120.2 (br, CH), 114.3 (CH), 55.4 (CH3), 38.61 
(CH2), 38.57 (CH2), 23.17 (CH2), 14.7 (CH3), 14.5 (CH3).  
19F-NMR (471 MHz, CDCl3): δ (ppm) = -63.2 (s, CF3).  
HRMS (ESI+): m/z = 578.115 ([M]+, calcd. 578.117 for [C30H24F6OS2]+). 
 
During the purification step using preparative GPC a second compound was obtained, which 
was identified by its NMR signature and its high resolution mass to be the by-product 5x shown 
above. However, no efforts were made to obtain it analytically pure. 
1H-NMR (500 MHz, CDCl3): 7.97 (br s, 2 H, CHar-CCF3), 7.83 (br s, 3 H, 2x CHar-CCF3), 7.68 
(br s, 1 H, CHar-CCF3), 7.51 (dd, 3JH,H = 8.6 Hz, 4JH,H = 2.3 Hz, 1 H, CHar), 7.41 (d, 
4JH,H = 2.3 Hz, 1 H, CHar), 7.14 (s, 1 H, CHth), 6.99 (d, 3JH,H = 8.6 Hz, 1 H, CHar-COMe), 6.96 
(s, 1 H, CHth), 3.84 (s, 3 H, OCH3), 2.86 (ps t, 3JH,H = 7.5 Hz, 4 H, CH2), 2.10 (ps p, 
3JH,H = 7.5 Hz, 2 H, CH2), 2.06 (s, 3 H, CH3), 2.01 (s, 3 H, CH3). 





Into a Schlenk tube equipped with a teflon screw cap was put the pinacol boronate 35 (80% of 
0.226 g, 0.42 mmol, 1.2 eq.), Pd(OAc)2 (4 mg, 0.02 mmol, 0.05 eq.), SPhos (16 mg, 0.04 mmol, 
0.10 eq.), and K3PO4 (ground, 0.308 g, 1.45 mmol, 4 eq.) and the tube was evacuated and 
refilled with argon twice. Then, a solution of the monocoupled DAE 33 (0.184 g, 0.36 mmol, 
1.0 eq.) in 10 mL of toluene was added, the screw cap was closed, and the reaction mixture was 
stirred at 80 °C for 24 h. After cooling to room temperature, water was added and the mixture 
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over MgSO4 and evaporated. Purification by column chromatography in two runs (petrol 
ether/ethyl acetate 50:1 and hexane/toluene 9:1) afforded compound 5k (71 mg, 0.09 mmol, 
25%) as a white solid. 
1H-NMR (500 MHz , CD2Cl2): δ (ppm) = 8.79 – 8.75 (m, 4 H, CHar), 8.73 (d, 3JH,H = 8.4 Hz, 
2 H, CHar), 7.94 (br s, 2 H, CHar-CCF3), 7.74 (br s, 1 H, CHar-CCF3), 7.69 (d, 3JH,H = 8.4 Hz, 
2 H, CHar), 7.66 – 7.57 (m, 6 H, CHar), 7.24 (s, 1 H, CHth), 7.23 (s, 1 H, CHth), 2.94 – 2.87 (m, 
4 H, CH2), 2.15 (ps p, 3JH,H = 7.4 Hz, 2 H, CH2), 2.07 (br s, 6 H, CH3). 
13C-NMR (126 MHz, CD2Cl2): δ (ppm) = 171.9, 171.4, 139.3, 138.7, 137.9, 137.6, 137.5, 
137.0, 136.64, 136.57, 136.56, 135.8, 135.0, 134.9, 132.9 (CH), 132.3 (q, 2JC,F = 34 Hz, CCF3), 
129.8 (CH), 129.3 (CH), 129.0 (CH), 126.9 (CH), 125.8 (CH), 125.5 (CH), 125.5 (br CH), 
123.4 (q, 1JC,F = 273 Hz, CF3), 120.5 (br, CH), 38.9 (CH2), 38.8 (CH2), 23.5 (CH2), 14.7 (2x 
CH3). 
19F-NMR (471 MHz, CD2Cl2): δ (ppm) = -63.6 (s, CF3). 





Bromothiazole 48 (0.300 g, 0.77 mmol, 1 eq.), triethylamine (0.64 mL, 4.62 mmol, 6 eq.) and 
Pd(PPh3)2Cl2 (27 mg, 0.04 mmol, 0.05 eq.) were dissolved in 10 mL of dry toluene and the 
mixture was degassed by repeated evacuation of the flask and refilling with argon. After the 
addition of pinacolborane (0.34 mL, 2.31 mmol, 3 eq.) the mixture was refluxed for 3.5 h at 
120 °C until TLC indicated consumption of the starting material. After cooling down to 80 °C, 
an aqueous solution of Na2CO3 (2 M, 1.16 mL, 2.31 mmol, 3.0 eq.) was added very slowly due 
to vigorous gas evolution. Then, 3,4-dibromo-1-tert-butyl-1H-pyrrole-2,5-dione 26 (0.079 g, 
0.25 mmol, 0.33 eq.) and Pd(PPh3)4 (18 mg, 0.02 mmol, 0.02 eq.) were added and the mixture 
was stirred at 100 °C for 16 h. After cooling down to room temperature the mixture was 
extracted with ethyl acetate and the combined organic layers were washed with brine and dried 
over MgSO4. Purification by column chromatography (petrol ether/ethyl acetate 18:1) yielded 7i 
(0.057 g, 0.07 mmol, 29%) as a yellow solid. 
1H-NMR (500 MHz , CDCl3): δ (ppm) = 8.12 (br s, 4 H, CHar), 7.83 (br s, 2 H, CHar), 2.42 (s, 
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13C-NMR (126 MHz, CDCl3): δ (ppm) = 170.3, 161.5, 142.4, 138.7, 135.0, 134.9, 132.6 (q, 
2JC,F = 34 Hz, CCF3), 126.2 (br, CH), 123.3 (br, CH), 123.0 (q, 1JC,F = 273 Hz, CF3), 58.5, 29.1 
(CH3), 13.0 (CH3). 
19F-NMR (471 MHz, CDCl3): δ (ppm) = -63.4 (s, CF3). 




Thiazolylstannane 78 (451 mg, 0.87 mmol, 2.5 eq.) and 1,2-dibromocyclopentene 24 (79 mg, 
0.35 mmol, 1.0 eq.) were dissolved in 4 mL of DMF and the mixture was degassed by bubbling 
argon through it for 10 min. Then, PdCl2(PPh3)2 (24 mg, 0.04 mmol, 0.10 eq.) was added and 
the mixture was stirred at 100 °C for 18 h. After cooling to room temperature, the mixture was 
poured into 100 mL of water and it was extracted with 4x 30 mL of diethyl ether. The combined 
organic phases were dried over MgSO4 and the solvent was evaporated. Purification by column 
chromatography (petrol ether/ethyl acetate 50:1) afforded compound 9b (32 mg, 0.06 mmol, 
18%) as a turbid-white viscous oil. 
1H-NMR (500 MHz, CDCl3): δ (ppm) = 7.79 – 7.77 (m, 4 H, CHar), 7.42 – 7.39 (m, 2 H, CHar), 
7.33 – 7.29 (m, 4 H, CHar), 3.03 (t, 3JH,H = 7.5 Hz, 4 H, CH2), 2.25 (p, 3JH,H = 7.5 Hz, 2 H, CH2).  
13C-NMR (126 MHz, CDCl3): δ (ppm) = 167.7, 153.7 (q, 3JC,F = 2 Hz, C-C-CF3), 138.4, 132.6, 
131.1 (CH), 129.0 (CH), 126.8 (CH), 122.2 (q, 1JC,F = 269 Hz, CF3), 120.6 (q, 2JC,F = 38 Hz, C-
CF3), 37.3 (CH2), 23.7 (CH2).  
19F-NMR (471 MHz, CDCl3): δ (ppm) = -52.0 (s, CF3).  





Thienylboronic ester 91 (0.199 g, 0.50 mmol, 1.0 eq.) and monocoupled DAE 94 (0.160 g, 
0.50 mmol, 1.0 eq.) were dissolved in 6 mL of toluene. To this solution K3PO4 (0.212 g, 
1.00 mmol, 2.0 eq.), Pd(OAc)2 (0.011 g, 0.05 mmol, 0.1 eq.), and SPhos (0.041 g, 0.10 mmol, 
0.2 eq.) were added. The mixture was degassed by repeated evacuation of the flask and refilling 
with argon and it was stirred at 100 °C for 20 h. After cooling to room temperature it was 
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filtrate was evaporated and the residue was purified by column chromatography (petrol 
ether/methylene chloride 9:1) to afford compound 10c (0.142 g, 0.28 mmol, 28% over two steps 
starting from thiophene 90) as a pale yellow solid. 
1H-NMR (500 MHz, CDCl3): δ (ppm) = 7.54 – 7.52 (m, 2 H, CHar), 7.37 – 7.34 (m, 2 H, CHar), 
7.30 – 7.23 (m, 3 H, CHar), 7.09 (s, 1 H, CHar), 6.67 (q, 5JH,F = 1.3 Hz, 1 H, CHar), 6.66 – 6.63 
(m, 2 H, CHar), 2.96 (s, 6 H, CH3), 2.92 – 2.88 (m, 2 H, CH2), 2.86 – 2.82 (m, 2 H, CH2), 2.11 
(ps p, 3JH,H = 7.3 Hz, 2 H, CH2), 2.04 (s, 3 H, CH3). 
13C-NMR (126 MHz, CDCl3): δ (ppm) = 150.6, 145.9, 142.1 (br), 139.9, 137.8, 135.8, 135.6, 
134.7, 133.7, 128.9 (CH), 127.10 (CH), 127.07 (CH), 125.5 (CH), 124.2 (CH), 124.1 (CH), 
123.1 (q, 1JC,F = 270 Hz, CF3), 121.4 (q, 2JC,F = 36 Hz, CCF3), 121.1, 112.4 (CH), 40.4 (CH3), 
38.6 (CH2), 38.1 (br, CH2), 23.5 (CH2), 14.3 (CH3). 
19F-NMR (471 MHz, CDCl3): δ (ppm) = -52.6 (s, CF3). 




2-Morpholino-4-(tributylstannyl)-5-trifluoromethylthiazole 70 (1.45 g, 2.75 mmol, 2.5 eq.) and 
3,4-dibromo-1-tert-butyl-1H-pyrrole-2,5-dione 26 (0.34 g, 1.10 mmol, 1.0 eq.) were dissolved 
in 70 mL of toluene and the mixture was degassed by bubbling argon through the solution for 
10 min. After the addition of Pd(PPh3)4 (165 mg, 0.14 mmol, 0.13 eq.) the mixture was stirred at 
110 °C for 20 h. After cooling to room temperature, the mixture was diluted with 100 mL of 
ethyl acetate and washed with 3x 100 mL of water. The organic phase was dried over MgSO4 
and evaporated. Purification of the residue by column chromatography (methylene 
chloride/ethyl acetate 2:1, 1% triethylamine) afforded compound 11b (203 mg, 0.32 mmol, 
29%) as an orange solid. 
1H-NMR (500 MHz, CDCl3): δ (ppm) = 3.75 (t, 3JH,H = 5.0 Hz, 8 H, CH2), 3.42 (t, 
3JH,H = 5.0 Hz, 8 H, CH2), 1.63 (s, 9 H, CH3).  
13C-NMR (126 MHz, CDCl3): δ (ppm) = 170.6, 169.0, 140.8, 136.2, 121.9 (q, 1JC,F = 267 Hz, 
CF3), 114.1 (q, 2JC,F = 37 Hz, CCF3), 66.0 (CH2), 58.5, 48.4 (CH2), 28.9 (CH3).  
19F-NMR (471 MHz, CDCl3): δ (ppm) = -52.7 (s, CF3).  






















5-Methyl-2-morpholino-4-(tributylstannyl)thiazole 47 (295 mg, 0.62 mmol, 1.2 eq.), 
2-morpholino-4-(tributylstannyl)-5-trifluoromethylthiazole 70 (329 mg, 0.62 mmol, 1.2 eq.), 
and 3,4-dibromo-1-tert-butyl-1H-pyrrole-2,5-dione 26 (162 mg, 0.52 mmol, 1.0 eq.) were 
dissolved in 15 mL of dry toluene and degassed by bubbling argon through the solution for 
5 min. Then, Pd(PPh3)4 (36 mg, 0.03 mmol, 0.06 eq.) was added and the mixture was stirred at 
100 °C for 48 h. After cooling to room temperature the mixture was filtered through a pad of 
Celite eluting with ethyl acetate. The filtrate was washed with brine and dried over MgSO4. 
After evaporation of the solvents the crude mixture was separated by column chromatography 
(petrol ether/ethyl acetate gradient from 10:1 to 1:1) affording compound 11c (8 mg, 
0.01 mmol, 3%) as a yellow solid. 
1H-NMR (300 MHz, CDCl3): δ (ppm) = 3.77 (t, 3JH,H = 5.1 Hz, 4 H, CH2), 3.72 (t, 
3JH,H = 4.8 Hz, 4 H, CH2), 3.44 (t, 3JH,H = 5.1 Hz, 4 H, CH2), 3.26 (t, 3JH,H = 4.8 Hz, 4 H, CH2), 
2.29 (s, 3 H, CH3), 1.63 (s, 9 H, CH3).  
13C-NMR (76 MHz, CDCl3): δ (ppm) = 66.2 (CH2), 66.0 (CH2), 48.5 (CH2), 48.4 (CH2), 29.0 
(CH3), 13.3 (CH3), quaternary carbons were not detected due to low concentration.  
19F-NMR (282 MHz, CDCl3): δ (ppm) = -52.2 (s, CF3).  




The bis(pinacol boronate) 29 (425 mg, 0.83 mmol, 1.0 eq.), 1-bromo-3,5-di-tert-butylbenzene 
(670 mg, 2.49 mmol, 3 eq.), Pd(OAc)2 (9 mg, 0.04 mmol, 0.05 eq.), SPhos (34 mg, 0.08 mmol, 
0.1 eq.), and K3PO4 (ground, 705 mg, 3.32 mmol, 4 eq.) were put into a Schlenk tube equipped 
with a teflon screw cap. The tube was evacuated and refilled with argon twice. Then, 3 mL of 
degassed toluene were added, the screw cap was closed, and the mixture was stirred at 100 °C 
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filtered through a pad of Celite eluting with ethyl acetate. The filtrate was evaporated and 
purified by column chromatography (petrol ether) affording 13a (148 mg, 0.23 mmol, 28%) as a 
white solid. 
1H-NMR (500 MHz , CDCl3): δ (ppm) = 7.33 – 7.31 (m, 6 H, CHar), 7.02 (s, 2 H, CHar), 2.89 
(t, 3JH,H = 7.5 Hz, 4 H, CH2), 2.11 (p, 3JH,H = 7.5 Hz, 2 H, CH2), 2.06 (s, 6 H, CH3), 1.33 (s, 
36 H, CH3).  
13C-NMR (126 MHz, CDCl3): δ (ppm) = 151.3, 140.9, 136.7, 134.9, 134.1, 133.9, 124.0 (CH), 
121.5 (CH), 120.1 (CH), 38.5 (CH2), 35.0, 31.6 (CH3), 23.2 (CH2), 14.6 (CH3).  





In analogy to a literature procedure,[120] compound 38 (0.850 g, 1.41 mmol, 1.0 eq.), potassium 
thioacetate (0.241 g, 2.11 mmol, 1.5 eq.), Pd2(dba)3 (32 mg, 0.035 mmol, 0.025 eq.), and 
Xantphos (41 mg, 0.07 mmol, 0.05 eq.) were put into a Schlenk flask and the flask was 
evacuated and refilled with argon twice. A solution of diisopropylethylamine (0.49 mL, 
2.82 mmol, 2.0 eq.) in 5 mL of 1,4-dioxane was added and the mixture was stirred at 100 °C for 
3 h. After cooling to room temperature ethyl acetate and water were added, the organic phase 
was separated, and the aqueous phase was extracted with ethyl acetate. The combined organic 
phases were dried over MgSO4 and evaporated. Purification by column chromatography 
(cyclohexane/ethyl acetate 20:1) afforded compound 13b (0.250 g, 0.42 mmol, 30%) as a pale 
yellow solid. 
1H-NMR (500 MHz , CDCl3): δ (ppm) = 7.55 (t, 4JH,H = 1.7 Hz, 1 H, CHar), 7.53 – 7.51 (m, 
1 H, CHar), 7.37 (ps t, 3JH,H = 7.8 Hz, 1 H, CHar), 7.32 – 7.30 (m, 3 H, CHar), 7.28 – 7.25 (m, 
1 H, CHar), 7.08 (s, 1 H, CHth), 6.97 (s, 1 H, CHth), 2.90 – 2.81 (m, 4 H, CH2), 2.42 (s, 3 H, 
CH3), 2.09 (ps p, 3JH,H = 7.4 Hz, 2 H, CH2), 2.02 (s, 3 H, CH3), 1.98 (s, 3 H, CH3), 1.32 (s, 18 H, 
CH3). 
13C-NMR (126 MHz, CDCl3): δ (ppm) = 194.0, 151.3, 140.9, 138.5, 137.1, 136.5, 135.8, 
135.4, 135.2, 134.4, 134.1, 133.8, 132.9, 131.2, 129.7, 128.6, 126.5, 124.8, 123.9, 121.5, 120.1, 
38.6, 38.5, 35.0, 31.5, 30.4, 23.2, 14.64, 14.58. 
HRMS (ESI+): m/z = 598.243 ([M]+, calcd. 598.240 for C37H42OS3+), 599.248 ([M+H]+, calcd. 












Following a literature procedure,[83] compound 39 (1.026 g, 1.70 mmol, 1.0 eq.) was dissolved 
in 20 mL of anhydrous THF and cooled to -78 °C. n-BuLi (2.2 M in cyclohexane, 1.01 mL, 
2.21 mmol, 1.3 eq.) was added dropwise and the mixture was stirred at -78 °C for 45 min. Then, 
sulfur (0.065 g, 2.04 mmol, 1.2 eq.) was added as a solid and the mixture was stirred at -78 °C 
for 30 min. Acteyl chloride (0.15 mL, 2.04 mmol, 1.2 eq.) was added, the mixture was stirred 
for 10 min at -78 °C and then warmed to room temperature over 30 min. It was diluted by 
addition of diethyl ether and was washed with water and brine. The organic phase was dried 
over MgSO4 and evaporated. Purification by column chromatography (petrol ether/methylene 
chloride 9:1) afforded compound 13c (0.280 g, 0.47 mmol, 28%) as a pale yellow solid. 
1H-NMR (500 MHz , CDCl3): δ (ppm) = 7.55 (d, 3JH,H = 8.4 Hz, 2 H, CHar), 7.38 (d, 
3JH,H = 8.4 Hz, 2 H, CHar), 7.35 – 7.33 (m, 3 H, CHar), 7.12 (s, 1 H, CHth), 7.01 (s, 1 H, CHth), 
2.92 – 2.83 (m, 4 H, CH2), 2.44 (s, 3 H, CH3), 2.11 (ps p, 3JH,H = 7.3 Hz, 2 H, CH2), 2.05 – 2.03 
(m, 6 H, 2x CH3), 1.35 (s, 18 H, CH3). 
13C-NMR (126 MHz, CDCl3): δ (ppm) = 194.3, 151.3, 140.9, 138.6, 137.2, 136.4, 135.8, 
135.7, 135.3, 134.9 (CH), 134.4, 134.1, 133.8, 126.1, 126.0 (CH), 125.0 (CH), 123.9 (CH), 
121.5 (CH), 120.0 (CH), 38.52 (CH2), 38.50 (CH2), 35.0, 31.5 (CH3), 30.3 (CH3), 23.2 (CH2), 
14.62 (CH3), 14.58 (CH3). 




Cbz-protected DAE 61 (0.254 g, 0.42 mmol, 1.0 eq.) was dissolved in 15 mL of a 1:1 mixture 
of THF and ethanol. Ammonium formate (1.059 g, 16.80 mmol, 40 eq.) and palladium (10% on 
charcoal, 50 mg, 0.04 mmol, 0.1 eq.) were added and the flask was put into a pre-heated oil bath 
at 90 °C. The mixture was refluxed for 1.5 h until TLC indicated consumption of the starting 
material. After cooling to room temperature the mixture was filtered through a pad of Celite 
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purified by column chromatography (methylene chloride/methanol 9:1). The obtained material 
was lyophilized twice from benzene to afford compound 14 (0.152 g, 0.32 mmol, 77%) as a 
yellow solid. 
1H-NMR (300 MHz , CDCl3): δ (ppm) = 7.98 – 7.91 (m, 2 H, CHar), 7.91 – 7.84 (m, 2 H, 
CHar), 7.51 – 7.42 (m, 3 H, CHar), 7.42 – 7.33 (m, 3 H, CHar), 4.04 (t, 3JH,H = 6.0 Hz, 2 H, CH2), 
3.51 (t, 3JH,H = 5.5 Hz, 2 H, CH2), 2.21 – 2.12 (m, 2 H, CH2), 2.14 (s, 3 H, CH3), 2.01 (s, 3 H, 
CH3). 
13C-DEPT-NMR (300 MHz, CDCl3/CF3COOH): δ (ppm) = 133.7 (CH), 132.3 (CH), 130.0 
(CH), 129.7 (CH), 127.5 (CH), 127.0 (CH), 42.5 (CH2), 38.6 (CH2), 19.8 (CH2), 12.2 (CH3), 
12.1 (CH3). 
 HRMS (ESI+): m/z = 470.136 ([M+H]+, calcd. 470.147 for [C26H24N5S2]+). 
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6.4 Isolation of ring-closed isomers and by-products 
Isolation of 1c(c) 
 
A solution of 1c (145 mg, 0.33 mmol) in 250 mL of acetonitrile was degassed by evacuating the 
air in the flask and refilling with argon for several times. The solution was placed in 6 quartz 
tubes, which were purged with argon prior to use, and irradiated using a Rayonet RPR 100 
photochemical reactor equipped with 300 nm lamps over a period of 7.5 min. Prolonged 
irradiation times led to an increased formation of the by-product 1c(bp). After evaporating the 
solvent the mixture consisting of ca. 50% of the ring-closed isomer was separated by column 
chromatography (hexane/ethyl acetate/triethylamine 100:1:2). Due to fast oxidation of the 
material in the presence of silica gel column chromatography was performed with an argon 
flushed column and thoroughly argon saturated solvents. Compound 1c(c) (50 mg, 0.11 mmol, 
33%) was obtained as a purple solid. 
1H-NMR (500 MHz, CDCl3): δ (ppm) = 7.42 (d, 3JH,H = 8.0 Hz, 4 H, CHar), 7.16 (d, 
3JH,H = 8.0 Hz, 4 H, CHar), 6.37 (s, 2 H, CHar), 2.47 (t, 3JH,H = 7.0 Hz, 4 H, CH2), 2.36 (s, 6 H, 
CH3), 2.01 (s, 6 H, CH3), 1.90 (p, 3JH,H = 7.0 Hz, 2 H, CH2).  
13C-NMR (126 MHz, CDCl3): δ (ppm) = 146.2, 141.5, 138.6, 133.6, 132.0, 129.3 (CH), 
126.1 (CH), 115.1 (CH), 66.1, 29.9 (CH2), 27.3 (CH3), 25.5 (CH2), 21.5 (CH3).  
HRMS (ESI+): m/z = 440.149 ([M]+, calcd. 440.163 for C29H28S2+). 
 
Isolation of 1c(bp) 
 
A solution of 1c (150 mg, 0.34 mmol) in 200 mL of acetonitrile was degassed by evacuating the 
air in the flask and refilling with argon for several times. The solution was placed in quartz 
tubes, which were purged with argon prior to use, and irradiated using a Rayonet RPR 100 
photochemical reactor equipped with 300 nm lamps over a period of 2.5 h. After evaporating 
the solvent the mixture of the ring-closed isomer and by-product was separated by column 
chromatography (hexane/ethyl acetate/triethylamine 100:1:2). Due to fast oxidation of the 
material in the presence of silica gel column chromatography was performed with an argon 
flushed column and thoroughly argon saturated solvents. Compound 1c(bp) (66 mg, 0.15 mmol, 
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1H-NMR (500 MHz, CDCl3): δ (ppm) = 7.42 (d, 3JH,H = 8.0 Hz, 4 H, CHar), 7.12 (d, 
3JH,H = 8.0 Hz, 4 H, CHar), 6.39 (s, 2 H, CHar), 2.56 (s, 3 H, CH3), 2.52 (s, 3 H, CH3), 2.34 (s, 
6 H, CH3), 2.33 – 2.06 (br m, 6 H, CH2). 
13C-NMR (126 MHz, CDCl3): δ (ppm) = 150.6, 138.4, 136.5, 135.3, 134.0, 129.3 (CH), 
125.7 (CH), 114.4 (CH), 66.7, 59.1, 30.0 (CH3), 29.9 (CH2), 24.2 (CH2), 23.9 (CH3), 
21.3 (CH3). 
HRMS (ESI+): m/z = 440.147 ([M]+, calcd. 440.163 for C29H28S2+). 
 
Isolation of 1h(c) 
 
A solution of 1h (250 mg, 0.37 mmol) in a mixture of 240 mL of acetonitrile and 2 mL of 
methylene chloride was placed in 6 quartz tubes and irradiated using a Rayonet RPR 100 
photochemical reactor equipped with 300 nm lamps over a period of 20 min. After 
concentration of the solution to 50 mL it was placed in a refrigerator overnight. The formed 
precipitate was collected by filtration, washed with a small amount of cold acetonitrile and dried 
in vacuo affording 1h(c) (200 mg, 0.30 mmol, 81%) as a purple solid. 
1H-NMR (300 MHz, CDCl3): δ (ppm) = 8.01 (d, 3JH,H = 8.4 Hz, 4 H, CHar), 7.54 (d, 
3JH,H = 8.4 Hz, 4 H, CHar), 6.51 (s, 2 H, CHar), 4.32 (t, 3JH,H = 6.6 Hz, 4 H, CH2), 2.51 (t, 
3JH,H = 7.2 Hz, 4 H, CH2), 2.03 (s, 6 H, CH3), 1.92 (p, 3JH,H = 7.2 Hz, 2 H, CH2), 1.82 – 1.72 (m, 
4 H, CH2), 1.47 – 1.33 (m, 12 H, CH2), 0.91 (t, 3JH,H = 6.9 Hz, 6 H, CH3).  
13C-NMR (76 MHz, CDCl3): δ (ppm) = 166.3, 145.7, 142.0, 138.7, 135.7, 130.0, 129.8 (CH), 
126.0 (CH), 117.8 (CH), 66.2, 65.4 (CH2), 31.6 (CH2), 30.1 (CH2), 28.8 (CH2), 27.5 (CH3), 
25.8 (CH2), 25.3 (CH2), 22.7 (CH2), 14.2 (CH3).  
HRMS (ESI+): m/z = 668.294 ([M]+, calcd. 668.299 for C41H48O4S2+). 
 
Isolation of 3d(c) 
 
A solution of 3d (70 mg, 0.17 mmol) in 120 ml of acetonitrile/methylene chloride 4:1 was 
degassed by evacuating the flask and refilling with argon for several times. It was transferred 
into quartz tubes, which were purged with argon prior to use, and irradiated in a Rayonet RPR 
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evaporation of the solvent the residue was purified by column chromatography (petrol 
ether/ethyl acetate 20:1) affording 3d(c) (54 mg, 0.13 mmol, 77%) as a dark red solid. Crystals 
suitable for x-ray crystallography were obtained by slow evaporation of a solution of 3d(c) in 
methylene chloride at room temperature. 
1H-NMR (500 MHz, CDCl3): δ (ppm) = 7.92 - 7.89 (m, 4 H, CHar), 7.48 - 7.41 (m, 6 H, CHar), 
2.87 - 2.70 (m, 4 H, CH2), 1.96 (p, 3JH,H = 7.5 Hz, 2 H, CH2), 1.89 (s, 6 H, CH3).  
13C-NMR (126 MHz, CDCl3): δ (ppm) = 169.7, 152.0, 134.0, 132.9, 131.6 (CH), 128.7 (CH), 
128.3 (CH), 68.7, 30.1 (CH2), 27.5 (CH3), 25.7 (CH2).  
HRMS (ESI+): m/z = 415.124 ([M+H]+, calcd. 415.130 for [C25H23N2S2]+). 
 
Isolation of 3d(bp) 
 
A solution of 3d (149 mg, 0.36 mmol) in 250 ml of acetonitrile/methylene chloride 4:1 was 
degassed by evacuating the flask and refilling with argon for several times. It was transferred 
into quartz tubes, which were purged with argon prior to use, and irradiated in a Rayonet RPR 
100 photochemical reactor equipped with 300 nm lamps over a period of 3 h. After evaporation 
of the solvent the residue was purified by column chromatography (petrol ether/ethyl acetate 
20:1) affording 3d(bp) (34 mg, 0.13 mmol, 23%) as a dark red solid. 
1H-NMR (500 MHz, CDCl3): δ (ppm) = 7.87 – 7.84 (m, 4 H, CHar), 7.43 - 7.37 (m, 6 H, CHar), 
2.64 – 2.49 (m, 4 H, CH2), 2.43 (s, 3 H, CH3), 2.31 (s, 3 H, CH3), 2.31 – 2.17 (m, 2 H, CH2).  
13C-NMR (126 MHz, CDCl3): δ (ppm) = 155.0, 148.5, 139.0, 138.2, 131.0 (CH), 128.6 (CH), 
126.5 (CH), 60.0, 47.3, 34.5 (CH3), 30.1 (CH2), 24.3 (CH2), 21.3 (CH3).  
HRMS (ESI+): m/z = 415.123 ([M+H]+, calcd. 415.130 for [C25H23N2S2]+). 
 
Isolation of 11a(c) 
 
A solution of 11a (170 mg, 0.33 mmol, 1.0 eq.) in 50 mL of acetonitrile was treated with ceric 
ammonium nitrate (330 mg, 0.60 mmol, 1.8 eq.) and stirred at room temperature for 5 min. 
During this time the mixture initially turns dark before it gets an orange color. Then sodium 
ascorbate (200 mg, 1 mmol, 3.0 eq.) was added and the mixture was stirred for 5 min. After 
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chloroform and 20 mL of water. The organic layer was separated and dried over MgSO4. 
Evaporation of the solvent yielded 170 mg of a red solid which was determined by UPLC to 
consist of 11a (25%), 11a(c) (47%), and 11a(bp) (35%). An analytical sample of 11a(c) could 
be obtained by separation of the mixture via preparative HPLC (column: Luna Phenomenex, 
10 µm, 20 x 250 mm, eluent: methanol/water from 50% to 90% methanol). 
1H-NMR (400 MHz, CDCl3):  (ppm) = 4.05 – 3.40 (broad, 16 H, CH2), 1.78 (s, 6 H, CH3), 
1.64 (s, 9 H, CH3).  
13C-NMR (101 MHz, CDCl3):  (ppm) = 172.3, 166.8, 157.7, 103.9, 72.2, 66.4 (CH2), 57.9, 
48.6 (CH2), 29.3 (CH3), 26.9 (CH3).  
HRMS (ESI+): m/z = 518.194 ([M+H]+, calcd. 518.190 for [C24H32N5O4S2]+). 
 
Isolation of 11a(bp) 
 
A solution of 11a (103 mg, 0.20 mmol) in 75 mL of acetonitrile containing 0.1 M Et4NClO4 was 
oxidized at a potential of 1 V using a divided H-cell with platinum nets as working and counter 
electrode and a standard calomel electrode (SCE) as reference. After a charge of 2 C/mol was 
transferred, the mixture was stirred for 2 h at room temperature. The solvent was evaporated and 
to the residue 20 mL of water were added. After stirring for 30 min at room temperature the 
remaining solid was filtered off and dried in vacuo affording 11a(bp) (49 mg, 0.08 mmol, 40%) 
as a red solid. Crystals suitable for x-ray crystallography were obtained by recrystallization 
from chloroform. 
1H-NMR (300 MHz, CDCl3):  (ppm) = 5.28 (br s, 2 H, CH2), 3.97 (t, 3JH,H = 4.8 Hz, 4 H, 
CH2), 3.79 (t, 3JH,H = 4.8 Hz, 4 H, CH2), 3.64 (t, 3JH,H = 4.8 Hz, 4 H, CH2), 3.54 (t, 
3JH,H = 4.8 Hz, 4 H, CH2), 2.49 (s, 3 H, CH3), 1.65 (s, 9 H, CH3).  
13C-NMR (76 MHz, CDCl3):  (ppm) = 171.7, 170.5, 167.4, 167.3, 144.4, 133.5, 130.1, 127.3, 
126.0, 122.8, 66.1 (CH2), 65.3 (CH2), 59.1, 53.7 (CH2), 48.6 (CH2), 46.5 (CH2), 29.0 (CH3), 
14.8 (CH3).  
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Isolation of 11b(c) 
 
A solution of 11b (120 mg, 0.19 mmol) in 40 mL of acetonitrile containing 0.1 M Et4NPF6 was 
oxidized at a potential of 1.8 V using a divided H-cell with platinum nets as working and 
counter electrode and a standard calomel electrode (SCE) as reference. After a charge of 
2 C/mol was transferred the mixture was reduced at a potential of -0.2 V. The solvent was 
removed in vacuo and the residue was diluted with 50 mL of water. After extraction with 
100 mL of chloroform the organic phase was washed 3x with 30 mL of water and dried over 
MgSO4. Evaporation of the solvent afforded compound 11b(c) (80 mg, 0.13 mmol, 67%) as an 
orange solid. 
1H-NMR (500 MHz, CDCl3): δ (ppm) = 4.10 – 3.40 (br, 16 H, CH2), 1.65 (s, 9 H, CH3).  
13C-NMR (126 MHz, CDCl3): δ (ppm) = 169.4, 165.7, 146.3, 124.6 (q, 1JC,F = 290 Hz, CF3), 
108.0, 72.0 (q, 2JC,F = 26 Hz, CCF3), 66.4 (CH2), 58.5, 48.4 (CH2), 29.1 (CH3).  
19F-NMR (282 MHz, CDCl3): δ (ppm) = -52.7 (s, CF3).  
HRMS (ESI+): m/z = 626.139 ([M+H]+, calcd. 626.133 for [C24H26F6N5O4S2]+). 
 
Isolation of 12(c) 
 
A solution of 12 (100 mg, 0.23 mmol) in 40 mL of acetonitrile containing 0.1 M Et4NPF6 was 
oxidized at a potential of 0.8 V using a divided H-cell with platinum nets as working and 
counter electrode and a standard calomel electrode (SCE) as reference. After a charge of 
2 C/mol was transferred, the mixture was reduced at a potential of -0.2 V. Then, the solvent was 
removed in vacuo and the residue was suspended in 200 mL of water. After extraction with 4x 
50 mL of chloroform the combined organic phases were dried over MgSO4 and evaporated. 
Purification by column chromatography (petrol ether/ethyl acetate 2:1) afforded 12(c) (50 mg, 
0.12 mmol, 50%) as a yellow solid. 
1H-NMR (500 MHz, CDCl3): δ (ppm) = 3.74 (t, 3JH,H = 5.0 Hz, 8 H, CH2), 3.54 (t, 
3JH,H = 5.0 Hz, 8 H, CH2), 2.55 – 2.42 (m, 4 H, CH2), 1.79 (m, 2 H, CH2), 1.72 (s, 6 H, CH3). 
13C-NMR (126 MHz, CDCl3): δ (ppm) = 165.3, 146.1, 121.8, 70.3, 66.5 (CH2), 48.5 (CH2), 
29.7 (CH2), 27.2 (CH2), 26.1 (CH3).  
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1,2-Bis(5-chloro-2-methylthiophen-3-yl)cyclopent-1-ene 16 (1.729 g, 5.30 mmol, 1.0 eq.) was 
dissolved in 50 mL of anhydrous THF and cooled to 0 °C. n-BuLi (2.2 M in cyclohexane, 
6.02 mL, 13.25 mmol, 2.5 eq) was added dropwise and the solution was stirred at 0 °C for 
45 min. Then, 2-isopropoxy-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (3.24 mL, 15.90 mmol, 
3.0 eq.) was added and the mixture was warmed to rt over 20 min. Some drops of MeOH were 
added, the mixture was poured into 200 mL of a saturated aqueous NH4Cl solution, and it was 
extracted 3x with diethyl ether. The combined organic phases were washed with brine, dried 
over MgSO4, and evaporated affording compound 29 (2.702 g, 5.27 mmol, quant.) as a yellow 
solid, which was used without further purification. 
1H-NMR (500 MHz, CDCl3): δ (ppm) = 7.38 (s, 2 H, CHth), 2.78 (t, 3JH,H = 7.4 Hz, 4 H, CH2), 
2.02 (p, 3JH,H = 7.4 Hz, 2 H, CH2), 1.81 (s, 6 H, CH3), 1.32 (s, 24 H, CH3). 
13C-NMR (126 MHz, CDCl3): δ (ppm) = 142.6, 138.5 (CH), 137.7, 134.4, 84.0, 39.1 (CH2), 





Following a literature procedure,[202] 1,3,5-tri-tert-butylbenzene (3.70 g, 15.0 mmol, 1.0 eq.) was 
dissolved in 7.5 mL of CCl4. To this solution iron powder (0.92 g, 16.5 mmol, 1.1 eq.) was 
added and the mixture was cooled to 0 °C. Bromine (1.62 mL, 31.5 mmol, 2.1 eq.) was added 
dropwise and the resulting mixture was stirred at rt for 18 h. Then, the mixture was poured into 
100 mL of water and extracted with 3x 25 mL of CH2Cl2. The combined organic phases were 
washed with a sat. aqueous solution of Na2S2O3, dried over MgSO4, and evaporated. The 
residue was taken up in petrol ether, filtered through a pad of silica gel eluting with petrol ether 
and evaporated affording a colorless liquid. The crude product was distilled under reduced 
pressure (20 mbar) and fractions boiling at 140 – 150 °C were collected. The material was 
dissolved in a small amount of petrol ether and stored in a freezer overnight yielding 1-bromo-








6.5 Syntheses of precursors 
185 
1H-NMR (300 MHz, CDCl3): δ (ppm) = 7.34 (ps s, 3 H, CHar), 1.31 (s, 18 H, CH3).  






1,2-Bis(2-chloro-5-methylthien-4-yl)perfluorocyclopent-1-ene 18 (1.028 g, 2.35 mmol, 1 eq.) 
was dissolved in 10 mL of dry diethyl ether and n-BuLi (2.2 M in cyclohexane, 2.67 mL, 
5.88 mmol, 2.5 eq.) was added dropwise at room temperature over 10 min. The mixture was 
stirred for further 20 min before 2-isopropoxy-4,4,5,5-tetramethyl-1,3,2-dioxaborolane 
(0.92 mL, 6.35 mmol, 2.7 eq.) was added. After stirring for 5 min the mixture was diluted with 
50 mL of ethyl acetate, washed with brine, dried over MgSO4, and evaporated to dryness 
affording crude compound 31 (1.305 g, 2.10 mmol, 90%) as a dark-brown solid, which was 
used without further purification. 
1H-NMR (300 MHz, CDCl3): δ (ppm) = 7.61 (s, 2 H, CHth), 1.84 (s, 6 H, CH3), 1.34 (s, 24 H, 
CH3).  
19F-NMR (282 MHz, CDCl3): δ (ppm) = -110.5 (t, 3JF,F = 5.5 Hz, 4 F, CF2), -132.2 (p, 





Compound 32 was synthesized following the procedure described for 1a using 1,2-bis(5-chloro-
2-methylthiophen-3-yl)cyclopent-1-ene 16 (2.000 g, 6.07 mmol, 1.0 eq.) in 40 mL of THF, 
n-BuLi (2.2 M in cyclohexane, 2.76 mL, 6.07 mmol, 1.0 eq.), tri(n-butyl) borate (2.46 mL, 
9.11 mmol, 1.5 eq.), 4-methoxy-1-bromobenzene (0.84 mL, 6.68 mmol, 1.1 eq.) in 20 mL of 
THF, Pd(PPh3)4 (0.246 g, 0.21 mmol, 0.035 eq.), and aqueous Na2CO3 (2 M, 20 mL, 
40.0 mmol, 6.6 eq.). The reaction was performed at 80 °C for 16 h. Column chromatography 
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1H-NMR (500 MHz, CDCl3): δ (ppm) = 7.45 – 7.41 (m, 2 H, CHar), 6.92 – 6.87 (m, 2 H, CHar), 
6.88 (s, 1 H, CHth), 6.64 (s, 1 H, CHth), 3.83 (s, 3 H, OCH3), 2.82 (t, 3JH,H = 7.4 Hz, 2 H, CH2), 
2.75 (t, 3JH,H = 7.4 Hz, 2 H, CH2), 2.06 (ps p, 3JH,H = 7.4 Hz, 2 H, CH2), 1.99 (s, 3 H, CH3), 1.90 
(s, 3 H, CH3).  
13C-NMR (126 MHz, CDCl3): δ (ppm) = 159.0, 139.8, 136.3, 135.5, 135.3, 133.7, 133.5, 
133.4, 127.5, 127.0 (CH), 126.7 (CH), 125.0, 122.9 (CH), 114.3 (CH), 55.5 (CH3), 38.6 (CH2), 





Compound 33 was synthesized following the procedure described for 1a using 1,2-bis(5-chloro-
2-methylthiophen-3-yl)cyclopent-1-ene 16 (1.884 g, 5.72 mmol, 1.0 eq.) in 20 mL of THF, 
n-BuLi (2.2 M in cyclohexane, 3.12 mL, 6.86 mmol, 1.2 eq.), tri(n-butyl) borate (2.01 mL, 
7.44 mmol, 1.3 eq.), 3,5-bis(trifluoromethyl)-1-bromobenzene (1.78 mL, 10.30 mmol, 1.8 eq.) 
in 30 mL of THF, Pd(PPh3)4 (0.198 g, 0.17 mmol, 0.03 eq.), and aqueous Na2CO3 (2 M, 10 mL, 
20.0 mmol, 3.5 eq.). The reaction was performed at 80 °C for 4 h. Column chromatography 
(petrol ether) afforded compound 33 (0.671 g, 1.32 mmol, 23%) as a pale yellow oil. 





4-Bromo-N,N-dimethylaniline (8.00 g, 40.00 mol, 1.0 eq.) was dissolved in 150 mL of dry THF 
and cooled to -78 °C. n-BuLi (2.2 M in cyclohexane, 21.82 mL, 48.00 mmol, 1.2 eq.) was added 
dropwise and the mixture was stirred at -78 °C for 30 min. Then, 2-isopropoxy-4,4,5,5-
tetramethyl-1,3,2-dioxaborolane (9.79 mL, 48.00 mmol, 1.2 eq.) was added and the mixture was 
warmed to room temperature over 45 min. After the addition of 50 mL of water the mixture was 
extracted 3x with ethyl acetate. The combined organic phases were washed with brine, dried 
over MgSO4, and evaporated affording compound 34 (8.969 g, 36.29 mmol, 91%) as a yellow 
solid. 
1H-NMR (300 MHz, CDCl3): δ (ppm) = 7.73 – 7.67 (m, 2 H, CHar), 6.72 – 7.66 (m, 2 H, CHar), 
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13C-NMR (76 MHz, CDCl3): δ (ppm) = 152.7, 136.3 (CH), 111.4 (CH), 83.3, 40.2 (CH3), 25.0 




In a Schlenk tube equipped with a teflon screw cap 2-(4-bromophenyl)-4,6-diphenyltriazine 36 
(1.00 g, 2.58 mmol, 1.0 eq.) and triethylamine (2.15 mL, 15.51 mmol, 6.0 eq.) were dissolved in 
20 mL of anhydrous toluene. The solution was degassed by repeated evacuation of the gas 
phase and refilling with argon for several times. Then, PdCl2(PPh3)2 (0.181 g, 0.26 mmol, 
0.1 eq.) and 4,4,5,5-tetramethyl-1,3,2-dioxaborolane (0.94 mL, 6.48 mmol, 2.5 eq.) were added, 
the screw cap was closed, and the mixture was stirred at 120 °C for 8 h. After cooling to room 
temperature the reaction was quenched by dropwise addition of water (caution: vigorous gas 
evolution!). The organic phase was washed with brine, dried over MgSO4, and evaporated. 
Column chromatography (petrol ether/ethyl acetate 20:1) afforded compound 35 (0.226 g) as a 
mixture with ca. 20% of unreacted starting material, as determined by UPLC. It was used 





Compound 37 was synthesized following the procedure described for 1a using 1,2-bis(5-chloro-
2-methylthiophen-3-yl)cyclopent-1-ene 16 (0.692 g, 2.10 mmol, 1.0 eq.) in 15 mL of THF, 
n-BuLi (2.2 M in cyclohexane, 1.15 mL, 2.52 mmol, 1.2 eq.), tri(n-butyl) borate (0.74 mL, 
2.73 mmol, 1.3 eq.), 1-bromo-3,5-di-tert-butylbenzene 30 (0.678 g, 2.52 mmol, 1.2 eq.) in 6 mL 
of THF, Pd(PPh3)4 (0.121 g, 0.11 mmol, 0.05 eq.), and aqueous Na2CO3 (2 M, 3.68 mL, 
7.35 mmol, 3.5 eq.). The reaction was performed at 80 °C for 20 h. Column chromatography 
(petrol ether) afforded compound 37 (0.631 g, 1.31 mmol, 62%) as a colorless viscous oil. 
1H-NMR (500 MHz, CD2Cl2): δ (ppm) = 7.33 (t, 4JH,H = 1.7 Hz, 1 H, CHar), 7.30 (d, 
4JH,H = 1.7 Hz, 2 H, CHar), 6.94 (s, 1 H, CHth), 6.66 (s, 1 H, CHth), 2.84 (t, 3JH,H = 7.5 Hz, 2 H, 
CH2), 2.75 (t, 3JH,H = 7.5 Hz, 2 H, CH2), 2.06 (ps p, 3JH,H = 7.5 Hz, 2 H, CH2), 2.05 (s, 3 H, 
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13C-NMR (126 MHz, CD2Cl2): δ (ppm) = 151.8, 141.1, 136.6, 136.1, 135.9, 134.5, 134.2, 
134.0, 133.9, 127.4 (CH), 125.1, 124.2 (CH), 121.9 (CH), 120.2 (CH), 38.64 (CH2), 
38.63 (CH2), 35.2, 31.5 (CH3), 23.4 (CH2), 14.6 (CH3), 14.3 (CH3). 





Compound 38 was synthesized following the procedure described for 1a using the 
monofunctionalized DAE 37 (2.001 g, 4.14 mmol, 1.0 eq.) in 30 mL of THF, tert-BuLi (1.9 M 
in pentane, 2.83 mL, 5.38 mmol, 1.3 eq.), triisopropyl borate (1.012 g, 5.38 mmol, 1.3 eq.), 
1-bromo-3-iodobenzene (1.06 mL, 8.28 mmol, 2.0 eq.) in 15 mL of THF, Pd(PPh3)4 (0.239 g, 
0.21 mmol, 0.05 eq.), and aqueous Na2CO3 (2 M, 10.8 mL, 21.53 mmol, 5.2 eq.). The reaction 
was performed at 80 °C for 16 h. Column chromatography (petrol ether/methylene chloride 
20:1) afforded compound 38 (0.850 g, 1.41 mmol, 34%) as a white solid. 
1H-NMR (500 MHz, CDCl3): δ (ppm) = 7.66 (t, 4JH,H = 1.7 Hz, 1 H, CHar), 7.43 – 7.40 (m, 
1 H, CHar), 7.36 – 7.33 (m, 1 H, CHar), 7.32 – 7.30 (m, 3 H, CHar), 7.19 (t, 3JH,H = 7.9 Hz, 1 H, 
CHar), 7.08 (s, 1 H, CHth), 6.95 (s, 1 H, CHth), 2.91 – 2.81 (m, 4 H, CH2), 2.10 (ps p, 
3JH,H = 7.4 Hz, 2 H, CH2), 2.05 (s, 3 H, CH3), 2.00 (s, 3 H, CH3), 1.33 (s, 18 H, CH3). 
13C-NMR (126 MHz, CDCl3): δ (ppm) = 150.3, 139.9, 137.0, 136.2, 135.7, 135.4, 134.6, 
134.4, 133.3, 133.1, 132.8, 129.3, 128.8, 127.5, 127.3, 123.9, 123.0, 122.0, 120.5, 119.0, 37.5, 
37.4, 34.0, 30.5, 22.2, 13.6, 13.5. 
HRMS (ESI+): m/z = 602.158 ([M]+, calcd. 602.168 for [C35H3979BrS2]+), 604.156 ([M]+, calcd. 





Compound 39 was synthesized following the procedure described for 1a using the 
monofunctionalized DAE 37 (2.126 g, 4.40 mmol, 1.0 eq.) in 10 mL of THF, tert-BuLi (1.9 M 
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1-bromo-4-iodobenzene (2.490 g, 8.80 mmol, 2.0 eq.) in 10 mL of THF, Pd(PPh3)4 (0.254 g, 
0.22 mmol, 0.05 eq.), and aqueous Na2CO3 (2 M, 8.80 mL, 17.60 mmol, 4.0 eq.). The reaction 
was performed at 80 °C for 16 h. Column chromatography (petrol ether/methylene chloride 
50:1) afforded compound 39 (1.062 g, 1.76 mmol, 40%) as a white solid. 
1H-NMR (500 MHz, CDCl3): δ (ppm) = 7.46 – 7.43 (m, 2 H, CHar), 7.38 – 7.34 (m, 2 H, CHar), 
7.33 – 7.30 (m, 3 H, CHar), 7.04 (s, 1 H, CHth), 6.96 (s, 1 H, CHth), 2.90 – 2.81 (m, 4 H, CH2), 
2.09 (ps p, 3JH,H = 7.5 Hz, 2 H, CH2), 2.05 (s, 3 H, CH3), 2.01 (s, 3 H, CH3), 1.33 (s, 18 H, CH3). 
13C-NMR (126 MHz, CDCl3): δ (ppm) = 151.4, 140.9, 138.4, 137.2, 136.4, 135.3, 135.2, 
134.4, 134.1, 133.8, 133.6, 131.9 (CH), 126.9 (CH), 124.6 (CH), 124.0 (CH), 121.6 (CH), 
120.7, 120.1 (CH), 38.5 (CH2), 38.4 (CH2), 35.0, 31.5 (CH3), 23.2 (CH2), 14.63 (CH3), 
14.58 (CH3). 
HRMS (ESI+): m/z = 602.157 ([M]+, calcd. 602.168 for [C35H3979BrS2]+), 604.155 ([M]+, calcd. 




The pinacol boronate 42 (2.410 g, 8.00 mmol, 1.0 eq.), Pd(OAc)2 (36 mg, 0.16 mmol, 0.02 eq.), 
and SPhos (131 mg, 0.32 mmol, 0.04 eq.) were put into a Schlenk tube equipped with a teflon 
screw cap. The tube was evacuated and refilled with argon twice. Then, 12 mL of toluene were 
added and the mixture was degassed by repeated evacuation of the flask and refilling with 
argon. 1,2-Dibromocyclopentene 24 (5.422 g, 24.00 mmol, 3.0 eq.) and K3PO4 (ground, 
6.793 g, 32.00 mmol, 4.0 eq.) were added and the mixture was stirred at 100 °C for 16 h. After 
cooling to room temperature the mixture was filtered through a pad of Celite eluting with ethyl 
acetate, and the filtrate was evaporated. Purification by column chromatography (petrol 
ether/ethyl acetate 25:1) afforded compound 43 (1.560 g, 4.87 mmol, 61%) as a white solid. 
1H-NMR (300 MHz, CDCl3): δ (ppm) = 7.94 – 7.89 (m, 2 H, CHar), 7.44 – 7.39 (m, 3 H, CHar), 
2.91 – 2.79 (m, 4 H, CH2), 2.48 (s, 3 H, CH3), 2.14 (ps p, 2 H, 3JH,H = 7.6 Hz). 
13C-DEPT-NMR (76 MHz, CDCl3): δ (ppm) = 129.6 (CH), 128.8 (CH), 126.3 (CH), 
41.3 (CH2), 36.4 (CH2), 22.4 (CH2), 13.1 (CH3). 
HRMS (ESI+): m/z = 320.007 ([M+H]+, calcd. 320.011 for [C15H1579BrNS]+), 322.005 












In analogy to a literature procedure,[125] zinc (2.649 g, 40.50 mmol, 3.0 eq.) was suspended in 
10 mL of dry THF. 1,2-Dibromoethane (0.31 mL, 3.65 mmol, 0.27 eq.) was added and the 
mixture was heated twice to reflux for 5 min until gas evolution ceased. After the addition of 
TMSCl (0.21 mL, 1.62 mmol, 0.12 eq.) and stirring for 5 min, a solution of 2-bromo-5-
methylthiazole 48 (2.404 g, 13.50 mmol, 1.0 eq.) in 10 mL of THF was added to the reaction 
mixture via a syringe, and it was stirred for 15 min at room tempreature until TLC indicated 
consumption of the starting material. Then, 3,5-bis(trifluoromethyl)-1-bromobenzene (5.142 g, 
17.550 mmol, 1.3 eq.) and Pd(PPh3)4 (0.468 g, 0.41 mmol, 0.03 eq.) were added, and the 
mixture was refluxed at 80 °C for 24 h. After cooling to room temperature it was diluted with 
ethyl acetate and filtered through a pad of Celite. Then, the organic phase was washed with 
brine and was dried over MgSO4. After evaporation of the solvent the crude product was 
purified by column chromatography (petrol ether/ethyl acetate 50:1 to 20:1) affording 
compound 49 (3.170 g, 10.18 mmol, 75%) as a white solid. 
1H-NMR (500 MHz, CDCl3): δ (ppm) = 8.31 (s, 2 H, CHar), 7.86 (s, 1 H, CHar), 7.58 (q, 
4JH,H = 1.1 Hz, 1 H, CHth), 2.55 (d, 4JH,H = 1.1 Hz, 3 H, CH3).  
13C-NMR (126 MHz, CDCl3): δ (ppm) = 163.0, 142.4 (CH), 136.3, 135.9, 132.6 (q, 
2JC,F = 34 Hz, CCF3), 126.1 (br, CH), 123.2 (q, 1JC,F = 273 Hz, CF3), 122.8 (br, CH), 12.2 (CH3). 




2-Bromo-5-methylthiazole 48 (1.460 g, 8.20 mmol, 1.0 eq.) was dissolved in a mixture of 
10 mL of HBr (48% in water), 10 mL of water, and 20 mL of acetonitrile. Bromine (1.26 mL, 
24.60 mmol, 3.0 eq.) was added, and the mixture was stirred at 80 °C for 2.5 h until TLC 
indicated consumption of the starting material. The reaction was quenched by adding 10 mL of 
a saturated aqueous solution of NaHSO3, and the mixture was extracted with 3 x 30 mL of ethyl 
acetate. The combined organic phases were washed with aqueous NaHCO3 solution and brine 
and dried over MgSO4. After evaporation of the solvent the crude product was purified by 
column chromatography (petrol ether/ethyl acetate 9:1) yielding 2,4-dibromo-5-methylthiazole 
50 (1.514 g, 5.89 mmol, 72%) as colorless crystals. 
1H-NMR (300 MHz, CDCl3): δ (ppm) = 2.36 (s, CH3).  
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HRMS (ESI+): m/z = 255.843 ([M+H]+, calcd. 255.843 for [C4H479Br2NS]+), 257.840 ([M+H]+, 




In analogy to a literature procedure,[125] zinc (1.08 g, 16.56 mmol, 3.0 eq.) was suspended in 
10 mL of dry THF. 1,2-Dibromoethane (0.13 mL, 1.49 mmol, 0.3 eq.) was added and the 
mixture was heated twice to reflux until gas evolution ceased. After the addition of TMSCl 
(0.09 mL, 0.66 mmol, 0.1 eq.) and stirring for 5 min, a solution of 2,4-dibromo-5-
methylthiazole 50 (1.42 g, 5.52 mmol, 1.0 eq.) in 6 mL of THF was added to the reaction 
mixture via a syringe, and it was stirred for 25 min at 60 °C until TLC indicated consumption of 
the starting material. Then, 3,5-bis(trifluoromethyl)-1-bromobenzene (1.94 g, 6.62 mmol, 
1.2 eq.) and Pd(PPh3)4 (0.19 g, 0.17 mmol, 0.03 eq.) were added, and the mixture was refluxed 
at 80 °C for 18 h. After cooling to room temperature it was diluted with diethylether and filtered 
through a pad of Celite. Then, the organic phase was washed 2 x with aqueous HCl (1 M), 
aqueous NaHCO3 solution, and brine, and was dried over MgSO4. After evaporation of the 
solvent the crude product was purified by column chromatography (petrol ether/methylene 
chloride 9:1) affording compound 51 (1.12 g, 2.86 mmol, 52%) as a white solid. 
1H-NMR (300 MHz, CDCl3): δ (ppm) = 8.30 (s, 2 H, CHar), 7.90 (s, 1 H, CHar), 2.49 (s, 3 H, 
CH3).  
13C-NMR (76 MHz, CDCl3): δ (ppm) = 161.7, 134.8, 132.7 (q, 2JC,F = 34 Hz, CCF3), 131.2, 
126.6, 125.9 (CH), 123.5 (CH), 123.1 (q, 1JC,F = 273 Hz, CF3), 13.3 (CH3). 
19F-NMR (282 MHz, CDCl3): δ (ppm) = -63.3 (s, CF3).  
HRMS (ESI+): m/z = 389.946 ([M+H]+, calcd. 389.939 for [C12H779BrF6NS]+), 391.945 




2-(3,5-Bis(trifluoromethyl)phenyl)-4-bromo-5-methylthiazole 51 (238 mg, 0.61 mmol, 1.0 eq.) 
was dissolved in 10 mL of dry THF and cooled to -100 °C. n-BuLi (2.2 M in cyclohexane, 
0.33 mL, 0.73 mmol, 1.2 eq.) was added dropwise and the mixture was stirred for 10 min. Then, 
Bu3SnCl (0.22 mL, 0.79 mmol, 1.3 eq.) was added and the mixture was warmed to room 
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mixture was extracted 3x with diethyl ether and the combined organic phases were washed with 
brine, dried over MgSO4, and evaporated. Purification by column chromatography (petrol 
ether/methylene chloride 9:1) afforded stannane 52 (273 mg, 0.45 mmol, 75%) as a colorless 
oil. 
1H-NMR (300 MHz, CDCl3): δ (ppm) = 8.34 (br s, 2 H, CHar), 7.83 (br s, 1 H, CHar), 2.57 (s, 
3 H, CH3), 1.69 – 0.86 (m, 27 H, CH2, CH3).  
13C-NMR (76 MHz, CDCl3): δ (ppm) = 163.0, 159.7, 141.9, 136.5, 132.3 (q, 2JC,F = 34 Hz, 
CCF3), 126.4 (br, CH), 123.3 (q, 1JC,F = 273 Hz, CF3), 122.2 (br, CH), 29.3 (CH2), 27.4 (CH2), 
13.9 (CH3), 13.8 (CH3), 10.7 (CH2).  




2,4-Dibromo-5-methylthiophene 53 (13.803 g, 53.93 mmol, 1 eq.) was dissolved in 135 mL of 
dry THF and cooled to -78 °C. n-BuLi (2.2 M in cyclohexane, 25.50 mL, 56.08 mmol, 1.04 eq.) 
was added dropwise and the mixture was stirred at -78 °C for 1.5 h. Then, tributylborate 
(15.13 mL, 56.08 mmol, 1.04 eq.) was added and the mixture was slowly warmed to room 
temperature over 2 h. Then, 20 mL of water were added before 3,5-bis(trifluoromethyl)-1-
bromobenzene (9.300 g, 53.93 mmol, 1 eq.), Pd(PPh3)4 (1.806 g, 1.56 mmol, 0.03 eq.), and a 
solution of Na2CO3 (22.863 g, 215.71 mmol, 4 eq.) in 90 mL of water were added. The mixture 
was heated to reflux for 18 h. After cooling to room temperature the mixture was extracted with 
diethyl ether. The aqueous phase was extracted 2x with diethylether and the combined organic 
phases were dried over MgSO4 and evaporated. After purification by column chromatography 
(petrol ether) and recrystallization from acetonitrile compound 54 (17.530 g, 45.05 mmol, 84%) 
was obtained as a white solid. 
1H-NMR (300 MHz, CDCl3): δ (ppm) = 7.89 (s, 2 H, CHar), 7.76 (s, 1 H, CHar), 7.26 (s, 1 H, 
CHth), 2.46 (s, 3 H, CH3).  
13C-NMR (76 MHz, CDCl3): δ (ppm) = 137.7, 136.4, 135.6, 132.6 (q, 2JC,F = 34 Hz, CCF3), 
127.9 (CH), 125.2 (CH), 123.2 (q, 1JC,F = 273 Hz, CF3), 121.1 (CH), 110.8, 15.1 (CH3).  
19F-NMR (471 MHz, CDCl3): δ (ppm) = -63.3 (s, CF3).  
HRMS (ESI+): m/z = 388.941 ([M+H]+, calcd. 388.943 for [C13H879BrF6S]+), 390.940 













Following literature procedures,[205] imidazole (5.00 g, 73.4 mmol, 1.0 eq.) was dissolved in a 
mixture of 135 mL of dioxane and 135 mL of water. Na2CO3 (35.03 g, 330.5 mmol, 4.5 eq.) and 
iodine (61.52 g, 242.4 mmol, 3.3 eq.) were added and the mixture was stirred at room 
temperature for 20 h. An aqueous solution of Na2S2O3 was added until the dark brown color 
vanished and water was added until all solids dissolved. The mixture was extracted using 
diethyl ether, the combined organic phases were washed with brine, dried over MgSO4 and 
evaporated affording 32.98 g of a yellow-brown solid. The crude material was dissolved in 
300 mL of 2 M NaOH, and acetic acid was added until a white precipitate formed. The 
precipitate was filtered off, washed with 3x 100 mL of water, and dried under high vacuum 
affording 2,4,5-triiodoimidazole 56 (30.66 g, 68.8 mmol, 94%) as a white solid.  
13C-NMR (76 MHz, CDCl3/TFA): δ (ppm) = 85.2, 84.5. 
HRMS (ESI+): m/z = 446.737 ([M+H]+, calcd. 446.735 for [C3H2I3N2]+). 
 
Benzyl 3-(2,4,5-triiodoimidazol-1-yl)propylcarbamate 59 
 
2,4,5-triiodoimidazole 56 (28.975 g, 65.00 mmol, 1.0 eq.) was dissolved in 100 mL of DMF. 
K2CO3 (17.967 g, 130.00 mmol, 2.0 eq.) and benzyl 3-bromopropylcarbamate 57 (17.689 g, 
65.00 mmol, 1.0 eq.) were added, and the mixture was stirred at room temperature for 72 h. It 
was filtered through a pad of Celite eluting with ethyl acetate, and the filtrate was concentrated 
in vacuo. The residue was poured into brine, and the mixture was extracted 3x with ethyl 
acetate. The combined organic phases were washed with brine, dried over MgSO4 and 
evaporated. Purification by column chromatography (petrol ether/ethyl acetate 1:1) and 
recrystallization from ethyl acetate afforded compound 59 (28.727 g, 45.10 mmol, 69%) as a 
pale yellow solid. 
1H-NMR (300 MHz, CDCl3): δ (ppm) = 7.38 – 7.28 (m, 5 H, CHar), 5.12 (s, 2 H, CH2O), 5.02 
(br, 1 H, NH), 4.08 (t, 3JH,H = 7.6 Hz, 2 H, CH2), 3.32 – 3.24 (m, 2 H, CH2), 1.95 – 1.84 (m, 2 H, 
CH2). 
13C-NMR (76 MHz, CDCl3): δ (ppm) = 156.6, 136.5, 128.7 (CH), 128.4 (2x CH), 97.6, 89.5, 
84.2, 67.0 (CH2), 50.1 (CH2), 38.2 (CH2), 30.9 (CH2). 



















In analogy to a literature procedure,[206] imidazole 59 (28.537 g, 44.80 mmol, 1.0 eq.) and 
K3PO4 (19.020 g, 89.60 mmol, 2.0 eq.) were suspended in 400 mL of dioxane. The mixture was 
degassed by bubbling argon through it for 10 min. Then, CuI (0.683 g, 3.58 mmol, 0.08 eq.) and 
trans-1,2-cyclohexyldiamine (0.43 mL, 3.58 mmol, 0.08 eq.) were added, and the mixture was 
stirred at 80 °C for 20 h. After cooling to room temperature it was filtered through a pad of 
Celite eluting with ethyl acetate and evaporated. The residue was dissolved in methylene 
chloride and washed with diluted aqueous ammonia until the aqueous phase remained colorless. 
The organic phase was dried over MgSO4 and evaporated to yield 24 g of a yellow solid. 
Recrystallization from ethyl acetate/chloroform 1:1 afforded compound 60 (17.167 g, 
33.72 mmol, 75%) as colorless crystals. 
1H-NMR (500 MHz, CDCl3): δ (ppm) = 7.51 – 7.47 (m, 2 H, CHar), 7.39 – 7.35 (m, 2 H, CHar), 
7.32 – 7.28 (m, 1 H, CHar), 5.31 (s, 2 H, CH2O), 3.93 – 3.88 (m, 2 H, CH2), 3.84 (t, 
3JH,H = 6.4 Hz, 2 H, CH2), 2.15 – 2.09 (m, 2 H, CH2). 
13C-NMR (126 MHz, CDCl3): δ (ppm) = 152.2, 143.8, 135.9, 128.6 (CH), 128.1 (CH), 
127.8 (CH), 92.2, 68.5 (CH2), 46.3 (CH2), 43.0 (CH2), 22.5 (CH2), one quaternary carbon signal 
was not detected due to overlap with solvent signals. 







Synthesis using PdCl2(PPh3)2/Cs2CO3 (entry 1 of Table 2): 
Pinacol boronate 42 (5.542 g, 18.40 mmol, 3.0 eq.) and dibrominated N-Cbz-tbn 27 (2.546 g, 
6.13 mmol, 1.0 eq.) were dissolved in 20 mL of DMF and degassed by bubbling argon through 
the solution for 10 min. PdCl2(PPh3)2 (0.129 g, 0.18 mmol, 0.03 eq.) and Cs2CO3 (10.084 g, 
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to room temperature the mixture was filtered through a pad of Celite eluting with ethyl acetate, 
and the filtrate was evaporated. By column chromatography (methylene chloride/ethyl acetate 
4:1, 2% triethylamine) a fraction containing 61 and a fraction containing 62 were separated. 
Purification of the first fraction by column chromatography (methylene chloride/ethyl acetate 
4:1, 2% triethylamine) afforded compound 61 (0.217 g, 0.36 mmol, 6%) as an off-white solid. 
Purification of the second fraction by column chromatography (petrol ether/ethyl acetate 2:1, 
1% triethylamine) afforded compound 62 (0.739 g, 1.45 mmol, 24%) as a pale yellow solid. 
 
Synthesis using Pd(OAc)2/SPhos/K3PO4 (entry 5 of Table 2): 
Pinacol boronate 42 (3.268 g, 10.85 mmol, 3.5 eq.), dibrominated N-Cbz-tbn 27 (1.287 g, 
3.10 mmol, 1.0 eq.), Pd(OAc)2 (21 mg, 0.09 mmol, 0.03 eq.), SPhos (89 mg, 0.22 mmol, 
0.07 eq.), and K3PO4 (ground, dried under high vacuum at 160 °C for 3 d, 4.606 g, 27.70 mmol, 
7.0 eq.) were added to a Schlenk tube equipped with a teflon screw cap. The tube was evacuated 
and refilled with argon twice before 20 mL of anhydrous toluene were added. Water (195 µL, 
10.85 mmol, 3.5 eq.) was added and the resulting slurry was heated to 80 °C for 24 h. After 
cooling to room temperature the mixture was diluted with ethyl acetate and washed with brine. 
The organic phase was dried over MgSO4 and evaporated. Purification by column 
chromatography (methylene chloride/ethyl acetate 4:1) afforded compound 61 (0.840 g, 
1.39 mmol, 45%) as a pale yellow solid. 
 
Synthesis using microwave irradiation (entry 6 of Table 2): 
Pinacol boronate 42 (0.452 g, 1.50 mmol, 3.0 eq.), dibrominated N-Cbz-tbn 27 (0.208 g, 
0.50 mmol, 1.0 eq.), Pd(PPh3)4 (29 mg, 0.03 mmol, 0.05 eq.), and K3PO4 (ground, 0.425 g, 
2.0 mmol, 4.0 eq.) were put into each of two microwave tubes. To each tube 3 mL of dioxane 
were added and the reaction mixtures were degassed by bubbling argon through the solution for 
5 min. The tubes were heated in a microwave (300 W) at 110 °C for 30 min. The contents of 
both tubes were combined, filtered through a pad of Celite eluting with ethyl acetate, and 
evaporated. Purification by column chromatography (petrol ether/ethyl acetate 1:1) afforded 
compound 61 (0.151 g, 0.25 mmol, 25%) as a pale yellow solid. 
 
Analytical data for 61: 
1H-NMR (500 MHz, CDCl3): δ (ppm) = 7.98 – 7.95 (m, 2 H, CHar), 7.77 – 7.75 (m, 2 H, CHar), 
7.57 – 7.55 (m, 2 H, CHar), 7.47 – 7.39 (m, 3 H, CHar), 7.38 – 7.28 (m, 6 H, CHar), 5.38 (s, 2 H, 
CH2O), 4.08 – 4.01 (m, 4 H, CH2), 2.44 (s, 3 H, CH3), 2.21 – 2.14 (m, 2 H, CH2), 2.11 (s, 3 H, 
CH3). 
13C-NMR (126 MHz, CDCl3): δ (ppm) = 164.0, 162.9, 153.3, 146.2, 142.6, 140.5, 136.1, 134.3 
134.2, 133.9, 133.2, 130.2, 129.9 (CH), 129.3 (CH), 129.0 (CH), 128.7 (CH), 128.6 (CH), 
6. Experimental Part 
196 
128.4 (CH), 128.2 (CH), 126.3 (CH), 126.2 (CH), 120.2, 68.5 (CH2), 43.1 (CH2), 42.8 (CH2), 
22.4 (CH2), 12.6 (CH3), 12.4 (CH3). 
HRMS (ESI+): m/z = 604.175 ([M+H]+, calcd. 604.184 for [C34H30N5O2S2]+). 
 
Analytical data for 62: 
1H-NMR (500 MHz, CDCl3): δ (ppm) = 7.90 – 7.86 (m, 2 H, CHar), 7.53 – 7.49 (m, 2 H, CHar), 
7.43 – 7.27 (m, 6 H, CHar), 5.34 (s, 2 H, CH2O), 3.97 – 3.89 (m, 4 H, CH2), 2.51 (s, 3 H, CH3), 
2.11 – 2.05 (m, 2 H, CH2). 
13C-NMR (126 MHz, CDCl3): δ (ppm) = 164.8, 152.4, 140.5, 140.2, 135.9, 134.3, 133.3, 
130.0 (CH), 128.9 (CH), 128.4 (CH), 128.0 (CH), 127.8 (CH), 126.1 (CH), 120.3, 114.0, 
68.2 (CH2), 42.84 (CH2), 42.78 (CH2), 22.0 (CH2), 13.2 (CH3). 
MS (ESI+): m/z = 509.0 ([M+H]+, calcd. 509.1 for [C24H2279BrN4O2S]+), 511.0 ([M+H]+, calcd. 




Synthesis using Buchwald conditions (entry 6 of Table 3): 
Dibrominated N-Cbz-tbn 27 (0.429 g, 1.03 mmol, 1.0 eq.), phenylboronic acid (0.378 g, 
3.10 mmol, 3.0 eq.), Pd(OAc)2 (7 mg, 0.03 mmol, 0.03 eq.), SPhos (25 mg, 0.06 mmol, 
0.06 eq.), and K3PO4 (ground, 0.877 g, 4.13 mmol, 4.0 eq.) were put into a Schlenk tube 
equipped with a teflon screw cap. The tube was evacuated and refilled with argon twice. Then, 
3 mL of toluene were added and the mixture was degassed by repeated evacuation of the flask 
and refilling with argon. The mixture was stirred at 100 °C for 16 h. After cooling to room 
temperature it was diluted with ethyl acetate and washed with brine. The organic phase was 
dried over MgSO4 and evaporated. Purification by column chromatography (methylene 
chloride/ethyl acetate 9:1) afforded compound 64 (0.280 g, 0.68 mmol, 66%) as a white solid. 
1H-NMR (300 MHz, CDCl3): δ (ppm) =  7.69 – 7.63 (m, 2 H, CHar), 7.58 – 7.52 (m, 2 H, 
CHar), 7.48 – 7.29 (m, 8 H, CHar), 7.24 – 7.11 (m, 3 H, CHar), 5.42 (s, 2 H, OCH2), 4.00 (t, 
3JH,H = 5.8 Hz, 2 H, CH2), 3.71 (t, 3JH,H = 6.2 Hz, 2 H, CH2), 2.14 – 2.05 (m, 2 H, CH2). 
13C-NMR (76 MHz, CDCl3): δ (ppm) = 153.3, 139.9, 136.2, 134.7, 134.6, 130.8(CH), 130.7, 
129.1(CH), 128.6(CH), 128.5(CH), 128.1(CH), 128.0(CH), 127.7(CH), 126.8(CH), 126.3 (CH), 













2-Bromo-1,1-diethoxyethane (17.60 mL, 117.0 mmol, 1.1 eq.), morpholino-4-carbothioamide 
44 (15.00 g, 103.0 mmol, 1.0 eq.), and p-toluenesulfonic acid (0.98 g, 5.1 mmol, 0.05 eq.) were 
dissolved in a mixture of 400 mL of ethanol and 40 mL of water. After stirring for 24 h at 90 °C 
consumption of the starting material was indicated by TLC. After cooling to room temperature 
an aqueous solution of Na2CO3 was added until gas evolution ceased. The precipitate was 
filtered off and washed with ethanol. The filtrate was concentrated in vacuo and extracted with 
3x 100 mL of ethyl acetate. The combined organic layers were washed with brine and dried 
over MgSO4. Evaporation of the solvent afforded 2-morpholinothiazole 66 (17.0 g, 99.9 mmol, 
97%) as a yellow oil. 
1H-NMR (300 MHz, CDCl3): δ (ppm) = 7.19 (d, 3JH,H = 3.6 Hz, 1 H, CHar), 6.58 (d, 
3JH,H = 3.6 Hz, 1 H, CHar), 3.79 (t, 3JH,H = 5.1 Hz, 4 H, CH2), 3.44 (t, 3JH,H = 5.1 Hz, 4 H, CH2). 





In analogy to a literature procedure,[209] 2-morpholinothiazole 66 (5.00 g, 29.4 mmol, 1.0 eq.) 
was dissolved in 60 mL of glacial acetic acid, and bromine (3.01 mL, 58.7 mmol, 2.0 eq.) was 
added dropwise. The mixture was stirred at room temperature for 24 h. Then, an aqueous 
solution of NaHSO3 was added until the dark brown color disappeared and a precipitate formed. 
The precipitate was filtered off and dried under high vacuum overnight. 5-Bromo-2-
morpholinothiazole 67 (4.45 g, 17.8 mmol, 61%) was obtained as a pale yellow solid. 
1H-NMR (300 MHz, CDCl3): δ (ppm) = 7.10 (s, 1 H, CHar), 3.80 (t, 3JH,H = 5.1 Hz, 4 H, CH2), 
3.42 (t, 3JH,H = 5.1 Hz, 4 H, CH2). 




2-Morpholinothiazole 66 (2.03 g, 11.9 mmol, 1.0 eq.) was dissolved in 70 mL of dry THF and 
the mixture was cooled to -80 °C. n-Butyllithium (2.2 M in cyclohexane, 5.95 mL, 13.1 mmol, 
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to -10 °C over 10 min. Then, a solution of iodine (3.62 g, 14.2 mmol, 1.2 eq.) in 10 mL of THF 
was added and the resulting mixture was stirred at -10 °C for 30 min. After the addition of 
20 mL of brine the mixture was extracted with 3 x 50 mL of diethyl ether. The combined 
organic phases were washed with an aqueous solution of NaHCO3, an aqueous solution of 
Na2S2O3 and brine, and were dried over MgSO4. After evaporation of the solvent the crude 
product was filtered through a plug of silica eluting with ethyl acetate affording 5-iodo-2-
morpholinothiazole 68 (2.95 g, 10.0 mmol, 84%) as a yellow solid. 
1H-NMR (500 MHz, CDCl3): δ (ppm) = 7.20 (s, 1 H, CHar), 3.79 (t, 3JH,H = 5.0 Hz, 4 H, CH2), 
3.42 (t, 3JH,H = 5.0 Hz, 4 H, CH2).  
13C-NMR (126 MHz, CDCl3): δ (ppm) = 175.5, 147.3 (CH), 66.2, 55.0 (CH2), 48.6 (CH2). 




In analogy to a literature procedure,[134a] KF (2.23 g, 38.4 mmol, 6.0 eq.) and CuI (1.83 g, 
9.6 mmol, 1.5 eq.) were put into a Schlenk tube equipped with a magnetic stirrer and a Teflon-
coated screw cap. The tube was evacuated and heated with the heatgun for 5 min until a pale 
greenish color evolved. Then, 2-morpholino-5-iodothiazole 68 (1.90 g, 6.4 mmol, 1.0 eq.) was 
added and the tube was evacuated and refilled with argon twice. After the addition of 6 mL of 
dry DMF and 6 mL of dry NMP the mixture was stirred at room temperature for 5 min. Then, 
TMSCF3 (1.23 mL, 8.32 mmol, 1.3 eq.) was added, the screw cap was closed, and the tube was 
heated to 50 °C for 4.5 h. After cooling to room temperature the mixture was poured into 50 mL 
of a diluted aqueous solution of ammonia and extracted with 3 x 30 mL of diethyl ether. The 
combined organic phases were washed with diluted ammonia solution until the aqueous phase 
remained colorless, washed with aqueous NaHCO3 solution and brine, and dried over MgSO4. 
After evaporation of the solvent the crude product was purified by column chromatography 
(methylene chloride/ethyl acetate 8:1) affording 2-morpholino-5-trifluoromethylthiazole 69 
(0.55 g, 2.3 mmol, 36%) as a white solid. 
1H-NMR (300 MHz, CDCl3): δ (ppm) = 7.41 (s, 1 H, CHar), 3.80 (t, 3JH,H = 5.1 Hz, 4 H, CH2), 
3.49 (t, 3JH,H = 5.1 Hz, 4 H, CH2).  
13C-NMR (76 MHz, CDCl3): δ (ppm) = 173.6, 141.8 (q, 3JC,F = 4 Hz, CH), 122.6 (q, 
1JC,F = 267 Hz, CF3), 114.0 (q, 2JC,F = 39 Hz, CCF3), 66.0 (CH2), 48.4 (CH2).  
19F-NMR (282 MHz, CDCl3): δ (ppm) = -54.0 (s, CF3).  











2-Morpholino-5-trifluoromethylthiazole 69 (0.47 g, 1.98 mmol, 1.0 eq.) was dissolved in 15 mL 
of dry THF and cooled to -78 °C. tert-BuLi (1.7 M in pentane, 1.40 mL, 2.38 mmol, 1.2 eq.) 
was added dropwise and the yellow solution was stirred for 25 min at the same temperature. 
Then, Bu3SnCl (0.64 mL, 2.38 mmol, 1.2 eq.) dissolved in 2 mL of THF was added and the 
resulting colorless solution was stirred at -78 °C for 1 h. After warming to room temperature, 
the reaction was quenched by adding 10 mL of a saturated aqueous NH4Cl solution and the 
mixture was extracted with 3x 20 mL of diethyl ether. The combined organic phases were 
washed with an aqueous NaHCO3 solution and brine and were dried over MgSO4. Evaporation 
of the solvent gave crude stannane 70 (1.27 g, quant.) as a pale yellow oil that was used without 
further purification. 
1H-NMR (300 MHz, CDCl3): δ (ppm) = 3.81 (t, 3JH,H = 5.1 Hz, 4 H, CH2), 3.51 (t, 
3JH,H = 5.1 Hz, 4 H, CH2), 1.57 – 1.49 (m, 6 H, CH2), 1.35 – 1.28 (m, 6 H, CH2), 1.14 – 1.10 (m, 
6 H, CH2), 0.88 (t, 3JH,H = 7.2 Hz, 9 H, CH3).  
13C-NMR (76 MHz, CDCl3): δ (ppm) = 173.0, 66.2 (CH2), 48.9 (CH2), 29.0 (CH2), 27.4 (CH2), 
13.8 (CH3), 11.0 (CH2), three quaternary carbon signals were not detected due to C-F couplings.  




5-Methyl-2-morpholino-4-(tributylstannyl)thiazole 47 (1.58 g, 3.33 mmol, 1 eq.) and 
3,4-dibromo-1-tert-butyl-1H-pyrrole-2,5-dione 26 (1.56 g, 5.00 mmol, 1.5 eq.) were dissolved 
in 40 mL of dry toluene, and the mixture was degassed by bubbling argon through it for 5 min. 
Then, Pd(PPh3)4 (0.19 g, 0.17 mmol, 0.05 eq.) was added and the mixture was stirred at 100 °C 
for 20 h. After cooling to room temperature, the solvent was evaporated and the crude mixture 
was purified by column chromatography (petrol ether/ethyl acetate gradient from 6:1 to 2:1) 
affording compound 71 (0.183 g, 0.44 mmol, 13%) as a dark solid. In a second fraction the 
biscoupled product 11a (0.250 g, 0.48 mmol, 28%) was isolated. 
1H-NMR (300 MHz, CDCl3): δ (ppm) = 3.80 (t, 3JH,H = 5.1 Hz, 4 H, CH2), 3.43 (t, 
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13C-NMR (76 MHz, CDCl3): δ (ppm) = 66.3 (CH2), 48.4 (CH2), 29.1 (CH3), 13.3 (CH3), 
quaternary carbon signals were not detected due to low concentration. 
HRMS (ESI+): m/z = 414.058 ([M+H]+, calcd. 414.049 for [C16H2179BrN3O3S]+), 416.057 




2-Bromo-1,1-diethoxyethane (15.78 g, 80.1 mmol, 1.1 eq.), thiobenzamide (10.00 g, 72.9 mmol, 
1.0 eq.), and p-toluenesulfonic acid (0.63 g, 3.3 mmol, 0.05 eq.) were dissolved in a mixture of 
400 mL of ethanol and 20 mL of water. After stirring for 16 h at 100 °C consumption of the 
starting material was indicated by TLC. The mixture was cooled to room temperature and an 
aqueous solution of Na2CO3 was added until gas evolution ceased. The precipitate was filtered 
off and washed with ethanol. The filtrate was concentrated in vacuo and extracted with 
3x 100 mL of methylene chloride. The combined organic layers were washed with brine and 
dried over MgSO4. Evaporation of the solvent afforded 2-phenylthiazole 72 (11.40 g, 
70.7 mmol, 97%) as a yellow oil. 
1H-NMR (500 MHz, CDCl3): δ (ppm) = 7.99 – 7.95 (m, 2 H, CHar), 7.87 (d, 3JH,H = 3.2 Hz, 
1 H, CHar), 7.47 - 7.40 (m, 3 H, CHar), 7.32 (d, 3JH,H = 3.2 Hz, 1 H, CHar).  
13C-NMR (126 MHz, CDCl3): δ (ppm) = 168.6, 143.9 (CH), 133.8, 130.1 (CH), 129.1 (CH), 




Following a literature procedure,[114a] 2-phenylthiazole 72 (4.00 g, 24.8 mmol, 1.0 eq.) was 
dissolved in 130 mL of dry THF and the mixture was cooled to -80 °C. n-Butyllithium (2.2 M in 
cyclohexane, 13.53 mL, 29.8 mmol, 1.2 eq.) was added dropwise, and the mixture was stirred at 
-80 °C for 20 min and warmed to -10 °C over 10 min. Then, a solution of iodine (8.17 g, 
32.3 mmol, 1.3 eq.) in 10 mL of THF was added and the resulting mixture was stirred at -10 °C 
for 30 min. After the addition of 20 mL of brine, the mixture was extracted with 3x 50 mL of 
diethyl ether. The combined organic phases were washed with an aqueous solution of NaHCO3, 
an aqueous solution of Na2S2O3, and brine, and were dried over MgSO4. After evaporation of 
the solvent the crude product was recrystallized from hexane affording 5-iodo-2-phenylthiazole 
73 (5.44 g, 18.9 mmol, 76%) as yellow crystals. The mother liquor was evaporated and purified 
by column chromatography (petrol ether / ethyl acetate 30:1) giving an additional fraction of 73 
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1H-NMR (300 MHz, CDCl3): δ (ppm) = 7.89 – 7.86 (m, 3 H, CHar), 7.45 – 7.43 (m, 3 H, CHar). 
13C-NMR (76 MHz, CDCl3): δ (ppm) = 151.6 (CH), 133.1 (CH), 130.6 (CH), 129.2 (CH), 
70.1, two quarternary carbon signals were not detected due to low concentration. 




In analogy to a literature procedure,[135] CuCl (99 mg, 1.0 mmol, 2.0 eq.) was put into a Schlenk 
tube equipped with a Teflon-coated screw cap. The tube was evacuated and refilled with argon. 
Then, 1,10-phenanthroline (180 mg, 1.0 mmol, 2.0 eq.) and KOtBu (112 mg, 1.0 mmol, 2.0 eq.) 
were added and the tube was evacuated and refilled with argon twice. After the addition of 
2 mL of dry DMF the mixture was stirred at room temperature for 30 min. Within this time the 
initially yellow suspension turned dark brown. Then, TMSCF3 (0.15 mL, 1.0 mmol, 2.0 eq.) was 
added, the screw cap was closed, and the mixture was stirred for 1 h at room temperature while 
its color turned to dark red. Afterwards, 5-iodo-2-phenylthiazole 73 (144 mg, 0.50 mmol, 
1.0 eq.) was added, the screw cap was tightly closed, and the mixture was stirred at 50 °C for 
18 h. After cooling to room temperature, the mixture was diluted with diethyl ether and filtered 
through a pad of Celite. The organic phase was washed with aqueous HCl (1 M), aqueous 
NaHCO3 solution, and brine, and was dried over MgSO4. After evaporation of the solvent the 
crude product was purified by column chromatography (petrol ether/ethyl acetate 9:1) affording 
2-phenyl-5-trifluoromethylthiazole 74 (88 mg, 0.38 mmol, 77%) as a white solid. 
1H-NMR (500 MHz, CDCl3): δ (ppm) = 8.12 (q, 4JH,F = 1.0 Hz, 1 H, CHar), 7.97 – 7.94 (m, 
2 H, CHar), 7.50 - 7.46 (m, 3 H, CHar).  
13C-NMR (126 MHz, CDCl3): δ (ppm) = 172.1, 144.6 (q, 3JC,F = 4 Hz, CHar-C-CF3), 132.6, 
131.5 (CH), 129.4 (CH), 127.0 (CH), 126.4 (q, 2JC,F = 39 Hz, C-CF3), 122.2 (q, 1JC,F = 269 Hz, 
CF3). 
19F-NMR (471 MHz, CDCl3): δ (ppm) = -54.7 (s, CF3).  




In analogy to a literature procedure,[209] 2-phenylthiazole 72 (5.50 g, 34.1 mmol, 1.0 eq.) was 
dissolved in 70 mL of glacial acetic acid. Bromine (3.50 mL, 68.2 mmol, 2.0 eq) was added 
dropwise and the mixture was stirred at room temperature for 16 h. Then, it was poured into 
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The combined organic phases were washed with aqueous NaHSO3 and brine and dried over 
MgSO4. After evaporation of the solvent the crude product was purified by column 
chromatography (petrol ether/methylene chloride 12:1) affording 5-bromo-2-phenylthiazole 75 
(5.26 g, 21.9 mmol, 64%) as a white solid. 
1H-NMR (300 MHz, CDCl3): δ (ppm) = 7.88 – 7.85 (m, 2 H, CHar), 7.74 (s, 1 H, CHar), 7.46 –
 7.43 (m, 3 H, CHar).  
13C-NMR (101MHz, CDCl3): δ (ppm) = 145.0 (CH), 133.2, 130.6 (CH), 129.2 (CH), 126.4 




In analogy to a literature procedure,[109] 5-bromo-2-phenylthiazole 75 (2.00 g, 8.3 mmol, 1.0 eq.) 
was dissolved in 20 mL of dry THF and cooled to -78 °C. To this solution LDA, which was 
freshly prepared by the addition of n-BuLi (2.2 M in cyclohexane, 5.68 mL, 12.5 mmol, 1.5 eq.) 
to a solution of diisopropylamine (1.48 g, 14.6 mmol, 1.75 eq.) in 20 mL of THF at room 
temperature, was added. The mixture was stirred at -78 °C for 30 min until TLC indicated the 
completion of the halogen-dance-reaction. Then, iodine (3.20 g, 12.5 mmol, 1.5 eq.) was added 
in small portions and the mixture was stirred at -78 °C for 30 min. After warming to room 
temperature it was poured into 150 mL of aqueous HCl (2 M) and the mixture was extracted 
with 3 x 100 mL of diethyl ether. The combined organic phases were washed 2x with aqueous 
Na2S2O3 solution and brine, and were dried over MgSO4. After evaporation of the solvent the 
crude product was purified by column chromatography (petrol ether/methylene chloride 3:1) 
affording 4-bromo-5-iodo-2-phenylthiazole 76 (2.80 g, 7.6 mmol, 92%) as a white solid. 
1H-NMR (500 MHz, CDCl3): δ (ppm) = 7.87 – 7.85 (m, 2 H, CHar), 7.45 – 7.43 (m, 3 H, CHar). 
13C-NMR (126 MHz, CDCl3): δ (ppm) = 173.7, 135.9, 132.4, 131.2 (CH), 129.7 (CH), 126.3 
(CH), 71.7.  
HRMS (ESI+): m/z = 365.835 ([M+H]+, calcd. 365.845 for [C9H679BrINS]+), 367.833 ([M+H]+, 




In analogy to a literature procedure,[135] CuCl (74 mg, 0.75 mmol, 1.5 eq.) was put into a 
Schlenk tube equipped with a Teflon-coated screw cap. The tube was evacuated and refilled 
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0.75 mmol, 1.5 eq.) were added and the tube was evacuated and refilled with argon twice. After 
the addition of 2 mL of dry DMF the mixture was stirred at room temperature for 15 min. 
Within this time the initially yellow suspension turned dark brown. Then, TMSCF3 (0.11 mL, 
0.75 mmol, 1.5 eq.) was added, the screw cap was closed, and the mixture was stirred for 
45 min at room temperature while its color turned to dark red. Afterwards, 4-bromo-5-iodo-2-
phenylthiazole 76 (183 mg, 0.50 mmol, 1.0 eq.) was added, the screw cap was tightly closed, 
and the mixture was stirred at 50 °C for 18 h. After cooling to room temperature, the mixture 
was diluted with diethyl ether and filtered through a pad of Celite. The organic phase was 
washed with aqueous HCl (1 M), aqueous NaHCO3 solution, and brine, and was dried over 
MgSO4. After evaporation of the solvent the crude product was purified by column 
chromatography (petrol ether/methylene chloride 9:1) affording 4-bromo-2-phenyl-5-trifluoro-
methylthiazole 77 (124 mg, 0.40 mmol, 80%) as a colorless oil. 
1H-NMR (500 MHz, CDCl3): δ (ppm) = 7.93 – 7.91 (m, 2 H, CHar), 7.52 – 7.47 (m, 3 H, CHar).  
13C-NMR (126 MHz, CDCl3): δ (ppm) = 170.2, 132.1 (CH), 131.6, 129.4 (CH), 127.9 (q, 
3JC,F = 4 Hz, CBr-C-CF3), 126.8 (CH), 121.7 (q, 2JC,F = 39 Hz, C-CF3), 121.3 (q, 1JC,F = 270 Hz, 
CF3).  
19F-NMR (471 MHz, CDCl3): δ (ppm) = -54.7 (s, CF3).  
HRMS (ESI+): m/z = 307.941 ([M+H]+, calcd. 307.936 for [C10H679BrF3NS]+), 309.939 




Starting from 2-phenyl-5-trifluoromethylthiazole 74: To a solution of 2-phenyl-5-
trifluoromethylthiazole 74 (197 mg, 0.86 mmol, 1.0 eq.) in 10 mL of THF at -78 °C LDA was 
added, which was freshly prepared from diisopropylamine (170 mg, 1.20 mmol, 1.4 eq.) and 
n-BuLi (1.6 M in hexane, 0.64 mL, 1.03 mmol, 1.2 eq.) in 5 mL of THF. The mixture was 
stirred for 45 min at that temperature before Bu3SnCl (0.30 mL, 1.12 mmol, 1.3 eq.) was added, 
and the mixture was warmed to room temperature over a period of 30 min. Then, the reaction 
was quenched with 20 mL of aqueous NH4Cl solution and the mixture was extracted with 2x 
100 mL of diethyl ether. The combined organic phases were washed with brine, dried over 
MgSO4, and evaporated. Purification by column chromatography (petrol ether/methylene 
chloride 9:1) afforded stannane 78 (303 mg, 0.58 mmol, 68%) as a colorless oil. 
 
Starting from 4-bromo-2-phenyl-5-trifluoromethylthiazole 77: To a solution of 4-bromo-2-
phenyl-5-trifluoromethylthiazole 77 (126 mg, 0.41 mmol, 1.0 eq.) in 8 mL of dry THF n-BuLi 
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stirred for 45 min and was allowed to warm to -85 °C during this time. Then, Bu3SnCl 
(0.13 mL, 0.49 mmol, 1.2 eq.), dissolved in 1 mL of THF, was added and stirring was continued 
for 10 min at -85 °C. Then, the mixture was warmed to room temperature over a period of 
20 min, and the reaction was quenched by adding 10 mL of an aqueous NH4Cl solution. It was 
extracted with 3x 50 mL of diethyl ether and the combined organic phases were dried over 
MgSO4 and evaporated. Purification by column chromatography (petrol ether/methylene 
chloride 9:1) afforded stannane 78 (98 mg, 0.19 mmol, 46%) as a colorless oil. 
1H-NMR (300 MHz, CDCl3): δ (ppm) = 8.02 – 7.98 (m, 2 H, CHar), 7.48 – 7.45 (m, 3 H, CHar), 
1.65 – 1.56 (m, 6 H, CH2), 1.41 – 1.22 (m, 12 H, CH2), 0.92 (t, 3JH,H = 7.2 Hz, 9 H, CH3). 
13C-NMR (76 MHz, CDCl3): δ (ppm) = 170.5, 165.9, 133.3, 131.8 (q, 2JC,F = 35 Hz, C-CF3), 
130.7 (CH), 129.1 (CH), 127.3 (CH), 123.4 (q, 1JC,F = 269 Hz, CF3), 29.0 (CH2), 27.4 (CH2), 
13.8 (CH3), 11.2 (CH2).  




Following a literature procedure,[139] in a two-necked flask equipped with a reflux condenser 
2-chlorothiophene (11.859 g, 100.00 mmol, 1.0 eq.) and iodic acid (3.694 g, 21.00 mmol, 
0.21 eq.) were dissolved in a mixture of 40 mL of acetic acid, 15 mL of water, 20 mL of carbon 
tetrachloride, and 0.7 mL of sulfuric acid. The mixture was heated to reflux at 85 °C. Then 
iodine (10.152 g, 40.00 mmol, 0.4 eq.) was added in small portions over a period of 20 min. The 
resulting mixture was refluxed for further 1.5 h. After cooling to room temperature water and 
methylene chloride were added, the organic phase was washed with an aqueous solution of 
Na2S2O3, dried over MgSO4, and evaporated. The residue was distilled under membrane pump 
vacuum and fractions boiling at 95 °C were collected. 2-Chloro-5-iodothiophene 81 (22.576 g, 
92.34 mmol, 92%) was obtained as a pale yellow liquid. 
1H-NMR (300 MHz, CDCl3): δ (ppm) = 7.06 (d, 3JH,H = 3.9 Hz, 1 H, CHar), 6.62 (d, 
3JH,H = 3.9 Hz, 1 H, CHar). 




Thiophene (1.683 g, 20.00 mmol, 1.0 eq.) was dissolved in 40 mL of anhydrous THF and 
cooled to -78 °C. n-BuLi (2.2 M in cyclohexane, 10.91 mL, 24.00 mmol, 1.2 eq.) was added 
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28.00 mmol, 1.4 eq.) was added and the mixture was allowed to warm to room temperature for 
20 min before 30 mL of ethanol, 4-bromo-N,N-dimethylaniline (4.802 g, 24.00 mmol, 1.2 eq.), 
Na2CO3 (5.088 g, 48.00 mmol, 2.4 eq.), and PdCl2(dppf)CH2Cl2 (0.490 g, 0.60 mmol, 0.03 eq.) 
were added. The mixture was degassed by repeated evacuation of the flask and refilling with 
argon and then stirred at 75 °C for 4 h. After cooling to room temperature the mixture was 
diluted with diethyl ether and washed with brine. The organic layer was dried over MgSO4 and 
evaporated. Purification by column chromatography (petrol ether/methylene chloride 9:1) 
afforded 2-(4-N,N-dimethylaminophenyl)thiophene 88 (3.206 g, 15.77 mmol, 79%) as a white 
solid. 
1H-NMR (300 MHz, CDCl3): δ (ppm) = 7.51 (d, 3JH,H = 9.0 Hz, 2 H, CHar), 7.18 – 7.15 (m, 
2 H, CHar), 7.06 – 7.03 (m, 1 H, CHar), 6.74 (d, 3JH,H = 9.0 Hz, 2 H, CHar), 2.99 (s, 6 H, CH3). 
13C-NMR (76 MHz, CDCl3): δ (ppm) = 150.1, 145.4, 127.9 (CH), 127.0 (CH), 123.1, 




2-(4-N,N-Dimethylaminophenyl)thiophene 88 (2.135 g, 10.50 mmol, 1.0 eq.) was dissolved in 
anhydrous THF and cooled to -78 °C. n-BuLi (2.2 M in cyclohexane, 7.16 mL, 15.75 mmol, 
1.5 eq.) was added and the mixture was stirred at -60 °C for 45 min. Then, iodine (3.198 g, 
12.60 mmol, 1.2 eq.) was added in portions, and the mixture was allowed to warm to room 
temperature for 20 min. The mixture was diluted with diethyl ether and washed with an aqueous 
solution of Na2S2O3 and brine. The organic layer was dried over MgSO4 and evaporated. The 
crude material was filtered through a plug of silica eluting with methylene chloride. The solvent 
was evaporated and the residue was recrystallized from acetonitrile affording 2-(4-N,N-
dimethylaminophenyl)-5-iodothiophene 89 (2.687 g, 8.16 mmol, 78%) as yellow needles. Due 
to slow decomposition of the product upon storage it should be used immediately. 
1H-NMR (500 MHz, CDCl3): δ (ppm) = 7.40 (d, 3JH,H = 8.9 Hz, 2 H, CHar), 7.16 (d, 
3JH,H = 3.7 Hz, 1 H, CHar), 6.82 (d, 3JH,H = 3.7 Hz, 1 H, CHar), 6.71 (d, 3JH,H = 8.9 Hz, 2 H, 
CHar), 2.99 (s, 6 H, CH3). 
13C-NMR (126 MHz, CDCl3): δ (ppm) = 151.5, 150.3, 137.8 (CH), 126.9 (CH), 122.4 (CH), 
122.1, 112.5 (CH), 69.6, 40.5 (CH3). 













In analogy to a literature procedure,[134a] KF (1.394 g, 24.00 mmol, 6.0 eq.) and CuI (1.143 g, 
6.00 mmol, 1.5 eq.) were put into a Schlenk tube equipped with a magnetic stirrer and a Teflon-
coated screw cap. The tube was evacuated and heated with the heatgun for 5 min until a pale 
greenish color evolved. Then, iodothiophene 89 (1.317 g, 4.00 mmol, 1.0 eq.) was added and 
the tube was evacuated and refilled with argon twice. After the addition of 3 mL of dry DMF 
and 3 mL of dry NMP the mixture was stirred at room temperature for 5 min. Then, TMSCF3 
(0.89 mL, 6.00 mmol, 1.5 eq.) was added, the screw cap was closed, and the tube was heated to 
55 °C for 16 h. After cooling to room temperature the mixture was poured into 50 mL of a 
diluted aqueous solution of ammonia and extracted with 3 x 30 mL of diethyl ether. The 
combined organic phases were washed with diluted ammonia solution until the aqueous phase 
remained colorless, washed with aqueous NaHCO3 solution and brine, and dried over MgSO4. 
After evaporation of the solvent the crude product was purified by column chromatography 
(petrol ether/ethyl acetate 9:1) affording compound 90 (0.750 g, 2.76 mmol, 69%) as a yellow 
solid. 
1H-NMR (300 MHz, CDCl3): δ (ppm) = 7.47 (d, 3JH,H = 8.9 Hz, 2 H, CHar), 7.34 (dxq, 
3JH,H = 3.9 Hz, JH,F = 1.2 Hz, 1 H, CHar), 7.06 (dxq, 3JH,H = 3.9 Hz, JH,F = 1.1 Hz, 1 H, CHar), 
6.73 (d, 3JH,H = 8.9 Hz, 2 H, CHar), 3.01 (s, 6 H, CH3). 
13C-NMR (126 MHz, CDCl3): 150.8, 149.7, 129.5 (q, 3JC,F = 4 Hz, CH-C-CF3), 127.5 (q, 
2JC,F = 38 Hz, C-CF3), 127.3 (CH), 127.1, 122.9 (q, 1JC,F = 269 Hz, CF3), 120.3 (CH), 112.5 
(CH), 40.5 (CH3). 
19F-NMR (471 MHz, CDCl3): δ (ppm) = -55.3 (s, CF3).  





Diisopropylamine (0.22 mL, 1.60 mmol, 1.6 eq.) was dissolved in 3 mL of anhydrous THF and 
cooled to -78 °C. n-BuLi (2.2 M in cyclohexane, 0.64 mL, 1.40 mmol, 1.4 eq.) was added, the 
solution was stirred at -78 °C for 5 min and then warmed to room temperature for 20 min. It was 
cooled again to -78 °C and a solution of trifluoromethylthiophene 90 (0.271 g, 1.00 mmol, 
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before 2-isopropoxy-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (0.20 mL, 1.00 mmol, 1.0 eq.) was 
added. After stirring at -78 °C for 10 min the mixture was allowed to warm to room temperature 
over 20 min. Some drops of methanol were added, the mixture was diluted with diethyl ether, 
and it was washed with brine. The organic layer was dried over MgSO4 and evaporated. The 
resulting yellow solid (0.201 g) mainly contained pinacol boronate 91 and a small amount of the 
starting material 90, as determined by UPLC/MS. It was used immediately without any further 
purification. 
MS (ESI+): m/z = 398.1 ([M+H]+, calcd. 398.2 for [C19H24BF3NO2S]+). 
 
2-Methyl-5-phenylthiophen-3-ylboronic acid 93[215] 
 
3-Bromo-2-methyl-5-phenylthiophene 92 (3.435 g, 13.57 mmol, 1.0 eq.) was dissolved in 
50 mL of anhydrous THF and cooled to -78 °C. n-BuLi (2.2 M in cyclohexane, 7.40 mL, 
16.28 mmol, 1.2 eq.) was added and the mixture was stirred at -78 °C for 1 h. Tributylborate 
(4.76 mL, 17.64 mmol, 1.3 eq.) was added and the mixture was allowed to warm to room 
temperature for 20 min. 20 mL of aqueous HCl (2 M) were added and the mixture was extracted 
with ethyl acetate. The combined organic layers were dried over MgSO4 and evaporated 





Thienyl boronic acid 93 (2.944 g, 13.50 mmol, 1.0 eq.), Pd(OAc)2 (0.061 g, 0.27 mmol, 
0.02 eq.), SPhos (0.222 g, 0.54 mmol, 0.04 eq.), and K3PO4 (ground, 5.732 g, 27.00 mmol, 
2.0 eq.) were dissolved in 75 mL of toluene. 1,2-Dibromocyclopentene 24 (6.100 g, 
27.00 mmol, 2.0 eq.) was added annd the mixture was degassed by repeated evacuation of the 
flask and refilling with argon. The mixture was stirred at 95 °C for 20 h. After cooling to room 
temperature it was filtered through a pad of Celite eluting with ethyl acetate. The filtrate was 
evaporated and the residue was purified by column chromatography (petrol ether) to afford 
compound 94 (0.180 g, 0.56 mmol, 4%) as a pale yellow sticky oil. 
1H-NMR (500 MHz, CDCl3): δ (ppm) = 7.57 – 7.54 (m, 2 H, CHar), 7.38 – 7.34 (m, 2 H, CHar), 
7.26 – 7.23 (m, 1 H, CHar), 7.14 (s, 1 H, CHar), 2.83 (t, 3JH,H = 7.6 Hz, 2 H, CH2), 2.66 (t, 
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13C-NMR (126 MHz, CDCl3): δ (ppm) = 140.1, 136.7, 135.6, 134.6, 134.5, 128.9 (CH), 
127.2 (CH), 125.6 (CH), 123.7 (CH), 119.0, 41.1 (CH2), 37.0 (CH2), 22.6 (CH2), 15.1 (CH3). 
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6.6 Polymerization studies 
Polymerization using TBD (0.1 mol%): 
Inside of an argon-filled glovebox, TBD (1.0 mg, 0.007 mmol) was placed into an Eppendorf 
vial and dissolved in 1 mL of freshly distilled CD2Cl2. From this solution 150 µL were 
transferred to a second vial containing 1-pyrenebutanol (2.9 mg, 0.01 mmol). In a flame dried 
Schlenk tube L-lactide (100 mg, 0.70 mmol) was dissolved in 0.9mL of CD2Cl2 and 4 pieces of 
molecular sieves (4 Å) were added. Then, under vigorous stirring 100 µL of the 
TBD/1-pyrenebutanol solution were added and the mixture was stirred for 30 s. Then, benzoic 
acid (9 mg, 0.07 mmol) was added, the reaction mixture was transferred to an NMR tube, and 
an NMR spectrum was recorded. 
 
Attempted polymerization using DAE 14 (2 mol%): 
Inside of an argon-filled glovebox, L-lactide (151.3 mg, 1.05 mmol), 1-pyrenebutanol (2.9 mg, 
0.0105 mmol), DAE 14(o) (9.86 mg, 0.02 mmol), and 5 pieces of molecular sieves (4 Å) were 
placed into a flame-dried Schlenk tube. To the mixture 1.5 mL of freshly distilled CD2Cl2 were 
added and it was stirred for 3 min. Then the mixture was divided between two NMR tubes, 
which were tightly closed with a teflon coated screw cap. One of the NMR tubes was irradiated 
in a Rayonet RPR 100 photochemical reactor equipped with 300 nm lamps for 15 min. NMR 
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8.1 Appendix 1: NMR spectroscopic characterization of by-products 
 
Figure A1-1. 1H,13C-HSQC (CDCl3, 500 MHz/126 MHz) of 1c(bp). Colored labels visualize correlated 




Figure A1-2. 1H,13C-HMBC (CDCl3, 500 MHz/126 MHz) of 1c(bp). Colored labels visualize correlated 
signals in the one-dimensional 1H-NMR and 13C-NMR spectra, respectively. For selected signals the 
corresponding long-range couplings are shown. 
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Figure A1-3. 1H,13C-HSQC (CDCl3, 500 MHz/126 MHz) of 3d(bp). Colored labels visualize correlated 




Figure A1-4. 1H,13C-HMBC (CDCl3, 500 MHz/126 MHz) of 3d(bp). Colored labels visualize correlated 
signals in the one-dimensional 1H-NMR and 13C-NMR spectra, respectively. For selected signals the 
corresponding long-range couplings are shown. 
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8.2 Appendix 2: UV/Vis spectra of diarylethenes in acetonitrile 
 
Figure A2-1. UV/Vis spectra of compound 1a (acetonitrile, 2.1110-5 M, 25 °C): a) under irradiation with 
310 nm light until reaching the PSS, b) under prolonged irradiation with 310 nm light, c) calculated 
spectra of the pure isomers. 
 
Figure A2-2. UV/Vis spectra of compound 1b (acetonitrile, 2.2910-5 M, 25 °C): a) under irradiation with 
310 nm light until reaching the PSS, b) under prolonged irradiation with 310 nm light, c) calculated 
spectra of the pure isomers. 
 
Figure A2-3. UV/Vis spectra of compound 1c (acetonitrile, 2.3810-5 M, 25 °C): a) under irradiation with 
310 nm light until reaching the PSS, b) under prolonged irradiation with 310 nm light, c) calculated 




Figure A2-4. UV/Vis spectra of compound 1d (acetonitrile, 2.8510-5 M, 25 °C): a) under irradiation with 
310 nm light until reaching the PSS, b) under prolonged irradiation with 310 nm light, c) calculated 
spectra of the pure isomers. 
 
Figure A2-5. UV/Vis spectra of compound 1e (acetonitrile, 2.8910-5 M, 25 °C): a) under irradiation with 
310 nm light until reaching the PSS, b) under prolonged irradiation with 310 nm light, c) calculated 
spectra of the pure isomers. 
 
Figure A2-6.  UV/Vis spectra of compound 1f (acetonitrile, 2.9110-5 M, 25 °C): a) under irradiation with 
310 nm light until reaching the PSS, b) under prolonged irradiation with 310 nm light, c) calculated 
spectra of the pure isomers. 
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Figure A2-7. UV/Vis spectra of compound 1g (acetonitrile, 2.6610-5 M, 25 °C): a) under irradiation with 
310 nm light until reaching the PSS, b) under prolonged irradiation with 310 nm light, c) calculated 
spectra of the pure isomers. 
 
Figure A2-8. UV/Vis spectra of compound 1i (acetonitrile, 2.0910-5 M, 25 °C): a) under irradiation with 
310 nm light until reaching the PSS, b) under prolonged irradiation with 310 nm light, c) calculated 
spectra of the pure isomers. 
 
Figure A2-9. UV/Vis spectra of compound 2c (acetonitrile, 3.0610-5 M, 25 °C): a) under irradiation with 
310 nm light until reaching the PSS, b) under prolonged irradiation with 310 nm light, c) calculated 




Figure A2-10. UV/Vis spectra of compound 2i (acetonitrile, 1.6810-5 M, 25 °C): a) under irradiation 
with 310 nm light until reaching the PSS, b) under prolonged irradiation with 310 nm light, c) calculated 
spectra of the pure isomers. 
 
Figure A2-11. UV/Vis spectra of compound 2j (acetonitrile, 3.1510-5 M, 25 °C): a) under irradiation 
with 310 nm light until reaching the PSS, b) under prolonged irradiation with 310 nm light, c) calculated 
spectra of the pure isomers. 
 
Figure A2-12. UV/Vis spectra of compound 3d (acetonitrile, 3.7010-5 M, 25 °C): a) under irradiation 
with 310 nm light until reaching the PSS, b) under prolonged irradiation with 310 nm light, c) calculated 
spectra of the pure isomers. 
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Figure A2-13. UV/Vis spectra of compound 3i (acetonitrile, 2.1610-5 M, 25 °C): a) under irradiation 
with 310 nm light until reaching the PSS, b) under prolonged irradiation with 310 nm light, c) calculated 
spectra of the pure isomers. 
 
Figure A2-14. UV/Vis spectra of compound 4i (acetonitrile, 2.8210-5 M, 25 °C): a) under irradiation 
with 310 nm light until reaching the PSS, b) under prolonged irradiation with 310 nm light, c) calculated 
spectra of the pure isomers. 
 
Figure A2-15. UV/Vis spectra of compound 5a (acetonitrile, 3.0210-5 M, 25 °C): a) under irradiation 
with 310 nm light until reaching the PSS, b) under prolonged irradiation with 310 nm light, c) calculated 




Figure A2-16. UV/Vis spectra of compound 5b (acetonitrile, 2.7110-5 M, 25 °C): a) under irradiation 
with 310 nm light until reaching the PSS, b) under prolonged irradiation with 310 nm light, c) calculated 
spectra of the pure isomers. 
 
Figure A2-17. UV/Vis spectra of compound 6c (acetonitrile, 3.1810-5 M, 25 °C): a) under irradiation 
with 310 nm light until reaching the PSS, b) under prolonged irradiation with 310 nm light, c) calculated 
spectra of the pure isomers. 
 
Figure A2-18. UV/Vis spectra of compound 7i (acetonitrile, 2.8810-5 M, 25 °C): a) under irradiation 
with 310 nm light until reaching the PSS, b) calculated spectra of the pure isomers. 
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8.3 Appendix 3: Vertical transitions of 1c and 3d obtained from TD-DFT 
 
Figure A3-1. Structure of all three isomers of 1c optimized on the B3LYP/PCM(acetonitrile)/ 
6-311G(d,p) level of theory (top: font view, bottom: side view): a) ring-open isomer, b) ring-closed 
isomer, c) by-product. 
 
Figure A3-2. Structure of all three isomers of 3d optimized on the B3LYP/PCM(acetonitrile)/ 
6-311G(d,p) level of theory (top: font view, bottom: side view): a) ring-open isomer, b) ring-closed 






Figure A3-3. Experimental UV/Vis spectra of 1c (acetonitrile, 25 °C) and vertical transitions computed 




Figure A3-4. Experimental UV/Vis spectra of 3d (acetonitrile, 25 °C) and vertical transitions computed 




8.3 Appendix 3: Vertical transitions of 1c and 3d obtained from TD-DFT 
233 
Table A3-1. Calculated wavelengths λ and oscillator strengths f of selected intense transitions (f > 0.1) of 









 λ [nm] f  λ [nm] f 
1c(o) 
294.5 0.98  320.9 0.48 
264.9 0.79  293.5 0.78 
233.8 0.10  291.1 0.23 
225.9 0.17  270.6 0.26 
   239.6 0.14 
1c(c) 
523.9 0.65  587.2 0.65 
333.5 0.40  365.0 0.27 
268.7 0.75  307.8 0.57 
261.6 0.13  302.0 0.12 
237.9 0.10  297.6 0.16 
1c(bp) 
512.5 0.37  572.1 0.38 
306.9 0.55  336.8 0.40 
271.8 0.12  292.2 0.56 
258.6 0.15  291.7 0.13 
253.5 0.57    
3d(o) 
307.5 0.79  343.1 0.39 
266.4 0.72  297.0 0.78 
221.2 0.11  294.1 0.10 
213.5 0.13  260.0 0.27 
212.8 0.11    
3d(c) 
481.0 0.58  544.1 0.56 
328.4 0.17  307.8 0.29 
272.6 0.50  302.3 0.35 
268.1 0.20  275.7 0.10 
260.7 0.12    
231.1 0.19    
228.8 0.11    
3d(bp) 
504.6 0.35  564.7 0.35 
320.1 0.23  300.0 0.51 
265.3 0.69  292.8 0.19 
261.7 0.14    





8.4 Appendix 4: Cyclic voltammetry of DAEs 
 
Figure A4-1. Cyclic voltammetry of 1a (c = 110-3 M) in acetonitrile / 0.1 M Bu4NPF6, dE/dt = 1 V s-1. 
 
Figure A4-2. Cyclic voltammetry of 1b (c = 110-3 M) in acetonitrile / 0.1 M Bu4NPF6, dE/dt = 1 V s-1. 
 
Figure A4-3. Cyclic voltammetry of 1c (c = 110-3 M) in acetonitrile / 0.1 M Bu4NPF6, dE/dt = 1 V s-1. 
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Figure A4-4. Cyclic voltammetry of 1d (c = 110-3 M) in acetonitrile / 0.1 M Bu4NPF6, dE/dt = 1 V s-1. 
 
Figure A4-5. Cyclic voltammetry of 1e (c = 110-3 M) in acetonitrile / 0.1 M Bu4NPF6, dE/dt = 1 V s-1. 
 




Figure A4-7. Cyclic voltammetry of 1g (c = 110-3 M) in acetonitrile / 0.1 M Bu4NPF6, dE/dt = 1 V s-1. 
 
Figure A4-8. Cyclic voltammetry of 1i (c = 110-3 M) in acetonitrile / 0.1 M Bu4NPF6, dE/dt = 1 V s-1. 
 
Figure A4-9. Cyclic voltammetry of 2c (c = 110-3 M) in acetonitrile / 0.1 M Bu4NPF6, dE/dt = 1 V s-1. 
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Figure A4-10. Cyclic voltammetry of 2i (c = 110-3 M) in acetonitrile / 0.1 M Bu4NPF6, dE/dt = 1 V s-1. 
 
Figure A4-11. Cyclic voltammetry of 2j (c = 110-3 M) in acetonitrile / 0.1 M Bu4NPF6, dE/dt = 1 V s-1. 
 




Figure A4-13. Cyclic voltammetry of 3i (c = 110-3 M) in acetonitrile / 0.1 M Bu4NPF6, dE/dt = 1 V s-1. 
 
Figure A4-14. Cyclic voltammetry of 4i (c = 110-3 M) in acetonitrile / 0.1 M Bu4NPF6, dE/dt = 1 V s-1. 
 
Figure A4-15. Cyclic voltammetry of 5a (c = 110-3 M) in acetonitrile / 0.1 M Bu4NPF6, dE/dt = 1 V s-1. 
Due to low conversion in the electrochemical cell upon UV-irradiation the red line represents a mixture of 
the ring-open and ring-closed isomers. 
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Figure A4-16. Cyclic voltammetry of 5b (c = 110-3 M) in acetonitrile / 0.1 M Bu4NPF6, dE/dt = 1 V s-1. 
 




8.5 Appendix 5: Low temperature NMR of 11a(bp) 
 
 
Figure A5-1. Detail of 1H NMR spectra (400 MHz) of 11a(bp) in CD3CN at varying temperatures. 
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8.6 Appendix 6: Single-crystal X-ray data 
 
Figure A6-1. ORTEP-drawing (50% probability thermal ellipsoids) of the molecular structure of the ring-
closed isomer 3d(c) in the single-crystal as determined by X-ray diffraction. Hydrogens are omitted for 
clarity. Only one enantiomer is shown. 
 
Crystal data for 3d(c): 
Empirical formula C25H22N2S2 
Formula weight 414.56 
Temperature 100(2) K 
Wavelength 0.71073 Å 
Crystal system, space group Monoclinic, C2/c 
Unit cell dimensions a = 13.8855(7) Å , b = 19.3733(9) Å, c = 8.1757(4) Å,  
 β = 109.7290(16)°. 
Volume 2070.23(18) Å3 
Z, Calculated density 4, 1.330 g/cm3 
Absorption coefficient 0.271 mm-1 
F(000) 872 
Crystal size 0.5 x 0.5 x 0.5 mm 
Theta range for data collection 2.785 to 26.369°. 
Limiting indices -17<=h<=17, -24<=k<=24, -10<=l<=9 
Reflections collected / unique 17526 / 2122 [R(int) = 0.0230] 
Completeness to theta = 26.37 99.8% 
Absorption correction Empirical 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 2122 / 2 / 153 
Goodness-of-fit on F2 1.048 
Final R indices [I>2σ(I)] R1 = 0.0339, wR2 = 0.0892 
R indices (all data) R1 = 0.0357, wR2 = 0.0909 




Figure A6-2. ORTEP-drawing (50% probability thermal ellipsoids) of the molecular structure of 11a(o) 
in the single-crystal as determined by X-ray diffraction. Hydrogens are omitted for clarity. The unit cell 
consists of a second molecule of 11a, which only has minor differences in the conformation of one 
morpholino ring, and an additional solvent molecule (CH3CN). 
 
Crystal data for 11a (CCDC: 904567): 
Empirical formula C50H65N11O8S4 
Formula weight 1076.41 
Temperature 100(2) K 
Wavelength 0.71073 Å 
Crystal system, space group Triclinic, P-1 
Unit cell dimensions a = 9.5692(5) Å, b = 16.6697(9) Å, c = 18.3711(9) Å, 
 α = 114.843(4)°, β = 100.625(4)°, γ = 90.647(4)° 
Volume 2600.7(2) Å3 
Z, Calculated density 2, 1.375 Mg/m3 
Absorption coefficient 0.248 mm-1 
F(000) 1140 
Crystal size 0.26 x 0.20 x 0.18 mm  
Theta range for data collection 4.69 to 25.00° 
Limiting indices -11<=h<=11, -19<=k<=17, -21<=l<=21 
Reflections collected / unique 23457 / 8949 [R(int) = 0.0569] 
Completeness to theta = 25.00 97.6% 
Absorption correction None 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 9979 / 6 / 669 
Goodness-of-fit on F2 0.947 
Final R indices [I>2σ(I)] R1 = 0.0426, wR2 = 0.0757 
R indices (all data) R1 = 0.0763, wR2 = 0.0852 
Largest diff. peak and hole 0.466 and -0.308 e Å-3  
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Figure A6-3. ORTEP-drawing (50% probability thermal ellipsoids) of the molecular structure of the 
ClO4- salt of 11a(bp) in the single-crystal as determined by X-ray diffraction. Hydrogens are omitted for 
clarity. 
 
Crystal data for 11a(bp) (CCDC: 904568): 
Empirical formula C24H30ClN5O8S2 
Formula weight 616.10 
Temperature 100(2) K 
Wavelength 0.71073 Å 
Crystal system, space group Monoclinic, P 21/n 
Unit cell dimensions a = 10.7226(13) Å, b = 16.7313(14)  Å, c = 14.7188(21) Å, 
 β = 90.781(11)° 
Volume 2640.4(5) Å3 
Z, Calculated density 4, 1.550 Mg/m3 
Absorption coefficient 0.363 mm-1 
F(000) 1288 
Crystal size 0.20 x 0.06 x 0.05 mm  
Theta range for data collection 2.26 to 25.50 ° 
Limiting indices -12<=h<=12, -19<=k<=20, -17<=l<=17 
Reflections collected / unique 20441 / 4899 [R(int) = 0.1268] 
Completeness to theta = 25.50 100% 
Absorption correction None 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 4899 / 174 / 366 
Goodness-of-fit on F2 1.026 
Final R indices [I>2σ(I)] R1 = 0.1099, wR2 = 0.2809 
R indices (all data) R1 = 0.1705, wR2 = 0.3130 
Largest diff. peak and hole 0.738 and -0.500 e A-3 
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R1 = R2 = CF3:












R1 = R2 = CH3:
R1 = R2 = CF3:















R1 = R2 = 3,5-(tBu)2:
R1 = 3-SAc, R2 = 3,5-(tBu)2:

























































15 CyH6, Y = CH:
CyH6, Y = CCH3:
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SBr SPh SPh I































AFM Atomic Force Microscopy 




CT Charge Transfer 











EDG Electron-donating group 
EWG Electron-withdrawing group 
Fc Ferrocene 
GIXD Grazing Incidence X-ray Diffraction 
GPC Gel Permeation Chromatography 
HOMO Highest Occupied Molecular Orbital 
ICBA Indene-C60 bisadduct 




LDA Lithium diisopropylamide 
LUMO Lowest Occupied Molecular Orbital 
MB Methylene blue 
MS Mass Spectrometry 
n-Bu n-Butyl 
n.d. not determined 
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NHC N-Heterocyclic Carbene 
NICS Nucleus Independent Chemical Shift 
NMP N-Methylpyrrolidone 
NMR Nuclear Magnetic Resonance 
OTFT Organic Thin Film Transistor 
P3HT Poly(3-hexylthiophene) 
PCBM Phenyl-C61-butyric acid methyl ester 
PDI Polydispersity Index 
phen 1,10-Phenanthroline 
pin Pinacol  / 2,3-Dimethyl-2,3-butandiol 
PSS Photostationary state 
qr quasireversible 
rev reversible 
ROP Ring-Opening Polymerization 
rt room temperature 
SCE Standard Calomel Electrode 
SPhos 2-Dicyclohexylphosphino-2',6'-dimethoxybiphenyl 
SVD Singular Value Decomposition 
TBD 1,5,7-Triazabicyclo[4.4.0]dec-5-ene 
tBu / tert-Bu tert-Butyl 
THF Tetrahydrofurane 
TICT Twisted Intramolecular Charge Transfer 
TLC Thin Layer Chromatography 
TMS Tetramethylsilyl 
TS Transition State 
UPLC Ultra-high Performance Liquid Chromatography 
UPS Ultraviolet Photoelectron Spectroscopy 
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